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ABSTRACT
Alternative slow neutron detection technologies are desired in response to
needs by homeland security and radiation safety. Superheated droplet detec-
tors (SDD) have the potential to be used in both situations because they have
many distinct characteristics, such as photon insensitivity, passive operation,
tissue-equivalent composition, isotropic response, flexible size, and low cost.
A neutron detection system based on SDDs is developed in this research for
simultaneous detection of fast neutrons and slow neutrons. The detection
system is composed of two SDDs and an imaging-readout system. One of
the SDDs is doped with 3.4% 6LiCl, and the other one is a regular SDD. In
the imaging-readout system of the detection system, machine learning algo-
rithms are developed for accurate bubble counting. The algorithms show a
much better accuracy and precision than traditionally used algorithms.
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CHAPTER 1
INTRODUCTION
1.1 Introduction
Radiation detectors are important and fundamental instruments in radiologi-
cal science, as they make the quantitative measurement and utilization of the
radiation possible. In the 120-year history of radiological science (starting
from the discovery of X-rays by Ro¨ntgen in 1895 [1]), innumerable radiation
detectors have been developed for various radiations (e.g. gamma [2], alpha,
beta [3], and neutron [4, 5]).
Neutron detection plays an important role today for its broad applications
[6, 7, 8, 9, 10]. In the fusion area, the reaction rate and the spatial distribution
of a plasma are indicated through its neutron emission rate and neutron
spatial distribution [11, 12]. In the fission area, measurements of neutron
flux and spatial distribution are crucial for monitoring reactor status [13,
14]. In homeland security, identification of special nuclear material (SNM)
strongly depends on the detection of neutrons from fission reaction [15, 16,
17, 18]. For research in fundamental science, neutron detectors can be used
for measurements of cross sections, dark matter, and exotic nuclei [19, 20, 21].
In materials science, material characterization methods (neutron scattering
diffractometry, radiography, and tomography [22, 23, 24, 25, 26]) are highly
dependent on the development of neutron detection technology. In medical
applications and personnel protection, neutron dosimeters are the basic tool
for radiation dose monitoring [27, 28].
Development of new neutron detectors is necessary to meet the needs in
homeland security, radiation safety, and other areas [29, 30, 31]. In home-
land security, radiation portal monitors (RPM) provide an effective way for
stopping illegal transportation of radioactive materials and SNM [32, 33].
RPMs traditionally use 3He detectors for detection of neutrons coming from
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SNM. However, the 3He shortage has triggered lots of research for alternative
neutron detectors [34]. In radiation safety, accurate neutron dose measure-
ment is hard to achieve because of the complex neutron detection physics
and the wide energy range to cover [35, 36, 37]. Neutron spectrometry with
superheated droplet detectors (SDD) provides an effective way to check and
evaluate the dose-equivalent response of a neutron dosimeter [38]. As neu-
tron spectrometers based on SDDs are not very effective in counting thermal
or epithermal neutrons, development of thermal neutron sensitive SDDs is
necessary for radiation safety applications.
In this research using two superheated droplet detectors, a simultaneous
fast neutron and slow neutron detection system with a simple, accurate, and
convenient readout system was developed. It has the potential to be used in
both homeland security and radiation safety applications.
1.2 Demand for Neutron Detection Technologies
1.2.1 Demand for Neutron Detection in Homeland Security
It is necessary to prevent nuclear and other radiative materials from falling
into the wrong hands because they can be powerful threats to the public
and national security [39]. According to the IAEA Incident and Trafficking
Database (ITDB), there are a total of 2889 confirmed incidents reported in
the 1993-2015 period [40]. Among these incidents, 454 involved unauthorized
possession and related criminal activities, 762 involved theft or loss, 1622
involved other unauthorized activities and events, and 50 involved highly
enriched uranium, plutonium, and plutonium beryllium neutron sources [40].
Special nuclear materials can be revealed through detection of gamma-rays
or neutrons emitted from the material. As shown in Table 1.1 and Table 1.2,
plutonium and uranium are neutron and gamma-ray sources. One should be
able to identify them through detection of neutron and gamma-rays.
Compared with gamma-ray detection, neutron detection has advantages
in revealing special nuclear materials. First of all, the natural neutron back-
ground is much lower and more stable than the gamma-ray background [48].
In addition, most gamma-rays from uranium and plutonium have very low
energy. As a result, they can be easily shielded by high-Z materials. In con-
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Table 1.1: Spontaneous fission neutrons and gamma-rays from plutonium
isotopes [41, 42, 43]
Isotope
Enrichment in Half- Spontaneous Useful
weapons-grade life fission neutrons gamma-rays
% years s−1g−1 keV s−1g−1
238Pu 0.012 87.7 2.6× 103 43.48 2.49× 108
99.86 4.59× 107
152.68 6.05× 106
239Pu 93.8 24100 22× 10−3 51.63 6.19× 105
98.78 2.80× 104
129.29 1.44× 105
203.54 1.28× 104
354.01 1.28× 104
375.04 3.60× 104
413.71 3.42× 104
645.97 3.42× 102
717.72 6.29× 101
240Pu 5.8 6560 0.91× 103 45.23 3.8× 106
104.24 5.86× 105
160.28 3.38× 104
642.48 1.05× 103
241Pu 0.35 14.4 49× 10−3 103.68 3.86× 106
158.57 7.15× 106
164.58 1.73× 106
208.00 2.04× 107
332.35 1.14× 106
370.93 1.04× 105
242Pu 0.022 37600 1.7× 103 –
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Table 1.2: Spontaneous fission neutrons and gamma-rays from uranium
isotopes [44, 45, 46, 47]
Isotope
Half- Spontaneous Useful
life fission neutrons gamma-rays
years s−1g−1 keV s−1g−1
232U 71.7 1.3 129.1 6.5× 108
270.5 3.0× 107
327.8 2.7× 107
233U 1.59× 105 8.6× 10−4 119.0 3.9× 104
120.8 3.2× 104
146.4 6.6× 104
164.6 6.4× 104
245.3 3.8× 104
291.3 5.8× 104
317.2 8.3× 104
234U 2.46× 105 5.02× 10−3 120.9 5.4× 105
235U 7.04× 108 2.99× 10−4 143.8 7.8× 103
163.4 3.7× 103
185.7 4.3× 104
202.1 8.0× 102
205.3 4.0× 103
238U 4.47× 109 1.36× 10−2 742.8 7.1
766.4 2.6× 101
786.3 4.3
1001.0 7.5× 101
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trast, the neutrons from spontaneous fission penetrate high-Z materials more
easily.
Traditionally, 3He detectors have been widely used for neutron detection.
The gas 3He in pure form is commonly used as a detection material for
slow neutrons through the 3He(n, p)3H reaction. The reaction has a large
cross section (5330 b for 25.3 meV neutrons [25]) and a Q value of 765
keV. 3He gas has no electronegativity [25, 49]; therefore, 3He proportional
counters [50, 51] are widely used in neutron detection applications because of
their good neutron sensitivity and negligible gamma-ray sensitivity. They are
considered to be the “gold standard” in radiation portal monitoring (RPM)
systems [29, 52].
However, the 3He supply crisis has led to a demand for alternative neutron
detection technologies [29, 53, 34]. New alternative neutron detection tech-
nologies are required. Because the radiation portal monitoring system is a
very effective tool for monitoring the illicit transportation of special nuclear
materials that might be used by a terrorist [39, 54], it has been widely applied
at the borders after 9/11 in 2001 [55]. As a result, the demand for 3He gas
has increased significantly. By contrast, the natural abundance of 3He is only
0.000134% [56]; and the only method for producing 3He is collecting it as a
byproduct from the decay of 3H (3H (t 1
2
= 12.3y) → 3He + β) [57]. Because
the stores of tritium mainly come from the nuclear weapons program, as the
nuclear weapons stockpile has been reduced, the production of 3He has also
decreased. Such a high demand and reduced production of 3He has led to
the supply crisis. Figure 1.1 shows the 3He stockpile from 1990 to 2010.
1.2.2 Demand in Radiation Safety
As development and deployment of radiation technologies resulted in radi-
ation safety concerns, regulations have been published to ensure radiation
safety [59, 60, 61]. The United States Nuclear Regulatory Commission pub-
lished standards for protection against radiation [60]. The Council of the
European Union (EU) issued the directive 96/29/EURATOM, requiring EU
members to adopt basic safety standards [61, 35].
Radiation dosimeters are effective tools for ensuring radiation safety [62,
63]. Personnel radiation dosimeters are usually required for radiation workers
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Figure 1.1: 3He stockpile and disbursements from 1990 to 2010 [58].
[62, 64, 60].
Development of a good neutron dosimeter is very difficult because a neu-
tron usually undergoes many interactions in the human body, which leads
to many secondary particles [65]. The official conversion coefficients for the
operational dose-equivalent quantities can be found in ICRP 116 [66]. Also,
the neutron energy range for monitoring usually varies from thermal neutrons
(25.3 meV) to tens of MeV [67, 68].
One example of measuring both fast neutrons and slow neutrons is the
neutron contamination dose measurement for patients undergoing radiother-
apy. Nowadays, radiation diagnostic and therapeutic machines commonly
use linear accelerators as the radiation source [69]. The linear accelerator
can be shut down easily, and the parameters are usually adjustable. As a
result, it is more safe and convenient than a natural radiation source in the
radiological view. However, unwanted neutrons can be produced in using
linear accelerators because of the photonuclear reactions [70]. The unwanted
neutrons lead to extra radiation exposure for patients and staff. More and
more attention has been given to neutron contamination from photoneutrons
produced in diagnostic or therapeutic processes [71, 72, 73]. For radiation
safety, it is important to accurately measure these neutron contamination
doses.
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Neutron spectrometry technologies are essential to evaluate and analysis
the dose-equivalent responses of different neutron dosimetry systems [38].
The neutron spectrometry technology can also verify neutron transport cal-
culations to check the design and capability of neutron shields [74].
Neutron spectrometers based on superheated droplet detectors (SDD) can
be used for the dose-equivalent response analysis. They are especially useful
in scenarios with intense gamma-ray background because of their insensitivity
to gamma-rays [75, 76]. For example, in the previously mentioned radiation
diagnostic and therapeutic procedures, the photoneutron reaction cross sec-
tion is small when compared with other photon reaction cross sections [77].
As a result, the measurement of these neutrons is usually accompanied by the
presence of a very strong photon background. Traditional neutron detectors
are usually blind in such conditions. Only a detector that is insensitive to
gamma-rays can be used for photoneutron measurements.
The SDD-based neutron spectrometer is not very effective for the thermal
or epithermal neutron counting, because general SDDs work well for fast
neutrons but lack efficiency for slow neutrons. Ordinary SDDs are usually
sensitive to slow neutrons because of reaction 35Cl(n,p)35S [67], which has
a small cross section of 0.489 b for 25.3 meV neutrons[78]. Because of this
sensitivity, the slow neutron detection efficiency of ordinary SDDs should be
improved for measurement of the slow neutrons.
Improvement of the thermal neutron sensitivity of SDDs is required. With
such a improvement, the neutron spectrometer based on SDDs can achieve
a much more efficient thermal neutron counting.
1.3 Alternative Neutron Detection Technologies
Although a large amount of research work has been done in the last decade
on various alternative neutron detection technologies, the neutron detection
in some specific applications, such as detection in the presence of a strong
gamma-ray background, still remains challenged. It is, therefore, necessary
to develop alternative detection technologies.
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1.3.1 Neutron Detection in Homeland Security
Neutron detection technologies are required to have both a high detection
efficiency for neutrons and a very low gamma-ray sensitivity [79]. Although
the 3He shortage has triggered much research on alternative neutron detec-
tion methods [80], seldom can one detector compete with the 3He detector
in both neutron detection efficiency and gamma-ray insensitivity [81, 82].
Currently available neutron detectors can be categorized into three basic
types: gas detectors, scintillator-based detectors, and semiconductor detec-
tors.
As a gas alternative to 3He, the traditional 10BF3 detector is most com-
monly used [83]. It has a low gamma-ray sensitivity, but the electronegativity
of 10BF3 gas makes the high-pressure proportional counter infeasible. As a
result, the neutron detection efficiency is low (only 20% percent that of the
3He detector [57]). The chemical toxicity of 10BF3 also makes the detector’s
manufacturing process complicated.
Another type of alternative gas detector is the boron- or lithium-coated
proportional counter. Because the single-coated detector still has a low de-
tection efficiency, multiple detectors are usually combined to improve the
neutron sensitivity. The boron-coated straw detector [84] is an example.
Such a detector achieves a high neutron efficiency and a good gamma-ray
rejection ability for the application in an RPM system.
As the scintillator-based detectors, they usually suffer from high sensitivity
to gamma-rays. Although pulse shape discrimination (PSD) [85, 86] tech-
nology is generally used, the gamma-ray rejection ability is still not good
enough. The boron- or lithium-doped organic scintillator detector [87, 88]
is one typical type of such detectors. It is usually small in size, to reduce
gamma-ray sensitivity.
The lithium-loaded glass-fiber neutron detector [89, 90] is another inno-
vative scintillator-based neutron detector. It made a great improvement in
gamma-ray rejection but sacrificed too much in neutron detection efficiency.
The semiconductor-based neutron detector [91, 92] also requires a coating
of boron or lithium for slow neutron absorption. Because the coating material
cannot be very thick, the neutron detection efficiency is usually not very high.
Both the neutron sensitivity and the gamma-ray rejection performance need
improvement.
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Table 1.3: Characteristics of electronic personnel dosimeters available on
the market [36]
Manufacturer Type of Size Weight Dose
and model sensor (mm3) (g) range
Aloka One silicon detector,
30× 145× 12 70 10 µSv
PDM-313 n sensitive - 0.1 Sv
Fuji electric Four silicon detectors,
55× 102× 14.5 110 100 µSv
EPD(NRN) n/γ sensitive - 1 Sv
Saphymo One silicon strip
70× 130× 25 <200 1 µSv
Saphydose-n detector, n sensitive - 1 Sv
Siemens Three silicon detectors,
63× 85× 19 110 10 µSv
EPD-N n/γ sensitive - 16 Sv
1.3.2 Neutron Dosimetry in Radiation Safety
Evolution of personnel neutron dosimeters has been slow [35]. On the one
hand, the neutron detection physics is complex; and there is a very wide
range of energy to cover (from thermal neutrons to MeV or even GeV) [37].
On the other hand, the population of personnel exposed to neutrons is only
a small fraction of workers [35]. This fact indicates that development of a
personnel neutron dosimeter could be economically less profitable.
There are two classes of personnel neutron dosimeters: passive detectors
and active electronic dosimeters [36, 35]. The passive detectors, such as solid-
state detectors, have dominated the field of personnel neutron dosimetry for
a long time. They have many distinct characteristics, such as low cost, high
reliability, and elevated throughput. Several active detectors, after decades
of development, have achieved good accuracy and low detection limits. Ta-
ble 1.3 shows the characteristics of several electronic personnel dosimeters
available on the market. Good performance of active detectors is challenging
dominant usage of passive detectors. However, passive detectors still present
many advantages, such as stability, ruggedness, flexible size, no power supply,
and no electronic interference.
In this research, we focus on the discussion of passive detectors. Besides
the SDDs, which will be discussed later, the most commonly used personnel
neutron dosimeters [93] for radiation protection purposes include the Nuclear
Track emulsion type A (NTA) personnel neutron film, the thermoluminescent
albedo dosimeter, and the electrochemically etched plastic (CR-39).
Neutrons can produce recoiled ion tracks in the film that can be seen by
9
oil immersion or a high-powered microscope. The NTA film utilizing this
principle was being used as early as 1947 [94]. The disadvantages of the
NTA film is the fading of tracks and energy dependence. The fading process
can be eliminated or slowed down through desiccation and sealing, but the
energy dependence remains. The response of the NTA film to a 2 MeV
neutron is about twice as great as its response to a 0.5 MeV neutron [95].
Albedo neutrons are the backscattered neutrons (in the thermal and inter-
mediate energy range) by the human body. The albedo neutron dosimetry
[96] method usually uses an LiF TLD chip [97] for detection of these albedo
neutrons. The advantage is that there is no energy threshold in the detec-
tion. The disadvantage is that the reading of an albedo neutron dosimeter
strongly depends on such field parameters as the distance of the detector
from the body, the fraction of incident slow neutrons, and the fraction of
slow neutrons backscattered from the wall and the floor.
CR-39 is a polymeric nuclear track detector [98]. The path of the damaged
molecules in the material indicates the incidence of neutrons. Through ei-
ther a chemical etching (CE) or electrochemical etching (ECE) process [99],
the path can be detected. After calibration of the relationship between the
track density and the neutron dose, one can achieve an accurate neutron
dose. Advantages of CR-39 are its low neutron energy threshold and photon
insensitivity. The major disadvantages of CR-39 are the significant angular
dependence, the lack of a dosimetry grade material, and the under-response
for thermal neutrons and high-energy neutrons.
1.4 Superheated Droplet Detector as the Alternative
Solution
In this research, a neutron detection system is built for simultaneous detec-
tion of fast and slow neutrons. It has the potential to be used in applications
for both homeland security and radiation safety applications.
A superheated droplet detector is used in the system because it has many
distinct characteristics in neutron detection [100]. One big advantage of us-
ing an SDD is that the detectors can be insensitive to gamma-rays [101].
Because most neutron detectors are also sensitive to gamma-rays, they tend
to be blind in applications in the presence of a high gamma-ray background
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[102]. For example, in the measurement of the neutron-equivalent dose in
organs of patients who are undergoing radiotherapy [103, 104], superheated
droplet detector can be used although one neutron usually appears with tens
of thousands of photons. In addition, superheated droplets dosimeters have
achieved full acceptance by ICRP and ISO for personnel neutron dosimetry
[105, 106]. The neutron response curve of SDD satisfies the ICRP (Inter-
national Commission on Radiological Protection) 60 recommendations [67].
Moreover, superheated droplet detectors have a direct reading capability,
which makes them suitable as alarm dosimeters. With flexible detector size,
they can also be operated passively.
However, for simultaneous detection of fast and slow neutrons, the slow
neutron sensitivity of the SDD has to be improved. The superheated droplet
detector has a decent sensitivity for fast neutrons but not for slow neutrons.
The intrinsic detection efficiency for neutrons drops significantly as neutron
energy goes lower than 0.1 MeV [107, 38, 108, 109]. The low detection effi-
ciency for slow neutrons is not good for either the SNM detection in homeland
security or the neutron spectrometry in radiation safety.
The improvement is achieved through doping lithium or boron into the
detector. Compared with the detection of fast neutrons, SDDs have a much
lower sensitivity for slow neutrons because the detection of the slow neutron
depends on the reaction of 35Cl(n,p)35S [67], which has a relatively small
(compared with 10B and 6Li) cross section of 0.489 b [78]. Doping with
lithium or boron in the SDD can improve the slow neutron sensitivity sig-
nificantly, as the cross sections of 6Li(n,α)3H and 10B(n,α)7Li for the slow
neutron are much higher (3837 b and 940 b for 25.3 meV neutrons) [78] than
that of 3517Cl(n,p)
35
16S.
In addition, to improve readability of a superheated droplet detector, a live
readout system based on machine learning algorithms has been developed.
Because superheated droplet detectors indicate the neutron dose as the num-
ber of bubbles, the accurate counting technology usually requires either good
human effort or complicated hardware [38, 110, 111, 112, 113, 114, 115, 116].
The readout system in this research achieved accurate, convenient, and low-
cost readout with a camera.
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1.5 Structure of the Dissertation
This dissertation illustrates the research in the following structure:
• Chapter 1 introduces motivation and background of the research.
• Chapter 2 reviews the detection physics and neutron flux response of
regular superheated droplet detectors.
• Chapter 3 develops a mathematical model for calculation of intrinsic
detection efficiency. The method for improving slow neutron sensitivity
of superheated droplet detectors is also proposed.
• Chapter 4 describes the design and detection principles of the simulta-
neous fast and slow neutron detection system.
• Chapter 5 quantitatively studies the neutron response curve of the de-
tection system.
• Chapter 6 presents the experimental research of the simultaneous fast
neutron and slow neutron detection.
• Chapter 7 discusses and concludes the research. This chapter also
proposes the further research plan.
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CHAPTER 2
SUPERHEATED DROPLET DETECTOR
The capability of detecting both slow neutrons and fast neutrons is impor-
tant for a neutron detection system that can be applied in both homeland
security and radiation safety. In homeland security, although neutrons from
SNM are mostly fast neutrons, a lot of the neutrons can be slowed down
by the material surrounding the source or by the physical measurement en-
vironment. Simultaneous slow and fast neutrons detection can increase the
success chance of revealing SNM. In radiation safety, slow neutron count-
ing of SDD-based spectrometers is very inefficient. Effective slow neutron
counting is necessary to improve the performance of the SDD-based neutron
spectrometers.
Compared with fast neutron detection, the superheated droplet detectors
usually have a low detection efficiency for slow neutrons. Detection of a neu-
tron in a superheated droplet detector relies on the energetic recoiled charged
particles produced in the neutron scattering interactions. The recoiled par-
ticles from slow neutron scattering have energy too low to be detected. Al-
though some SDDs that contain chlorine can detect slow neutrons through
protons produced in 35Cl(n,p)35S interaction, the slow neutron detection ef-
ficiency is low because this reaction has a small cross section.
This chapter first illustrates the detection principle of a superheated droplet
detector. Then, the neutron energy threshold for detection is discussed.
2.1 Invention of the Superheated Droplet Detector
The invention of the SDD can be traced to the invention of the cloud chamber
in 1911 [117]. After discovering that the condensation of water vapor into
cloud drops can result from charged ions in the air [118], Wilson built a
cloud chamber by suddenly expanding a definite volume of air saturated
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with water vapor. As a result of the expansion, the air at the resulting
lower temperature contains more vapor than it can hold in suspension in
the saturated state [119]. The excess amount of water vapor condenses on
ions as nuclei, and an instantaneous photograph of the drops makes the path
of the charged particles visible. Because charged ions can be produced in
ionization of radiation particles (fast electrons, gamma-rays . . . ), the cloud
chamber can be used for photographing the tracks of radiation particles.
Inspired by the cloud chamber’s potential for studying nuclear events and
reaction products of high-energy cosmic rays, Glaser proposed the bubble
chamber in 1952 [120]. At that time, the bubble chamber was a cloud-
chamber-like detector whose sensitive volume was filled with a hydrogen-rich
medium whose density was close to 1 g/cm3. The use of liquid significantly
increased the interaction probability of the high-energy cosmic rays in the
sensitive volume. The liquid in the bubble chamber was in a superheated
state. (Detailed explanation of superheat status is given in the next section.)
In such a state, the liquid does not boil when it reaches a temperature higher
than the boiling point. Without the appearance of radiation particles, such
a metastable state could last several minutes without boiling. With the
appearance of incident radiation particles, charged particles produced in the
ionization can lead to the formation of gas bubbles, which accelerates eruptive
boiling. By photographing the formation of these bubbles, one can see the
tracks of incident radiation particles.
Noticing that the superheated state of liquid in a bubble chamber is fragile
and short-lived, owing to the abundance of microscopic gas pockets and par-
ticles at liquid-solid interfaces, Apfel came up with the superheated droplet
detector (SDD) in 1979 [121]. The SDDs use a “host” liquid as a container
for the superheated liquid. The superheated liquid is uniformly dispersed
into the insoluble host liquid in the form of tiny droplets (50 µm to 200
µm in diameter). Each tiny, superheated droplet works like a small bubble
chamber. When charged particles deposit enough energy in an effective dis-
tance inside a droplet, the superheated droplet vaporizes to a large (1 mm
to 2 mm), visible gas bubble. As a result, the superheated state of the liq-
uid can be maintained for a very long time. Also, one nucleation does not
consume all of the superheated liquid. Moreover, the total amount of vapor
(or the number of bubbles) induced by radiation can simply serve as a con-
venient measurement of the total exposure of the detector to a specific type
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of radiation above a “threshold” energy.
2.2 Superheated Droplet Detector
2.2.1 Superheated Liquid
A superheated liquid is a liquid whose temperature and pressure are in the
vapor region. As shown in Figure 2.1, the superheat status can be achieved
by reducing the pressure or increasing the temperature of the liquid. Prop-
erties of some generally used superheated halocarbon liquids at atmospheric
pressure are shown in Table 2.1 [107]. When the temperature of a liquid is
higher than the boiling point, it is superheated. The critical temperature is
the temperature at which the liquid phase can no longer be maintained.
Figure 2.1: Phase diagram of a generic material.
The superheated liquid is the detection medium of a superheated droplet
detector. The superheated state is unstable. Energy deposition of any
charged particle can result in the phase transition of the superheated liq-
uid. The charged particles can be produced by the neutron interactions,
such as recoiled charged particles from the neutron scattering process.
The superheated liquid cannot be used alone because the metastable status
of the superheated liquid is very fragile. Any microscopic particles or gas
pockets can cause phase transition at a nucleation site. A normal container
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cannot keep a superheated liquid for a long time since there are too many
nucleation sites in the solid-liquid contact surface.
A host gel is usually used as a liquid container for the superheated liquid
for maintaining its superheat status for a long time. The host gel should be
insoluble to the superheated liquid and be inert, so that the superheated liq-
uid neither dissolves nor loses its properties through chemical reactions. Also,
to keep the superheated droplets suspended at one fixed location, the host
gel must be very viscous and have a density close to that of the superheated
liquid.
2.2.2 Detector Structure
The SDD is usually fabricated through uniform dispersion of superheated
halocarbon or hydrocarbon droplets suspended in an insoluble host gel such
as a polymeric or an aqueous gel. As a result, the metastable status of the
superheated liquid can be maintained. As shown in Figure 2.2, each su-
perheated droplet works just like an independent bubble chamber. When
incident neutrons interact inside the detector, the secondary charged par-
ticles produced in the interactions can lead to the phase transition of the
superheated droplet. As a result, the tiny droplet vaporizes to form a visible
gas bubble.
When dispersing superheated liquid into the host gel, the size uniformity,
the number density, and the size of superheated droplets are crucial for the
detector performance and usability. For an incident neutron, the neutron
first reacts inside the detector through either scattering or capture reactions.
Table 2.1: Properties of some halocarbons [107]
Chemical Empirical Boiling point Critical point
name formula Tb (
◦C) Tc (◦C)
Dichlorotetrafluoroethane C2Cl2F4 3.65 145.7
Monochlorodifluoroethane C2H3ClF2 -9.14 137.15
Octafluorocyclobutane C4F8 -6.99 115.22
Dichlorofluoromethane C2Cl2F2 -29.76 111.8
Tetrafluoroethane C2H2F4 -26.07 101.2
Hexafluoropropylene (HFP) C3F6 -29.40 85.0
Monochloropentafluoroethane C2ClF5 -39.17 79.9
Octafluoropropane C3F8 -36.65 71.95
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Figure 2.2: Structure of the superheated droplet detector.
Then, if the secondary particles can travel into a superheated droplet and
deposit enough energy inside it, the superheated droplet vaporizes to form
a gas bubble. Without good size uniformity, a big superheated droplet can
become a huge gas bubble because the volume increases as the liquid become
gas. The huge gas bubble combines with nearby superheated droplets and
becomes bigger, which significantly reduces the repeatable usability of the
detector. With a constant volume of superheated liquid, a larger number
density of the superheated droplets (with a smaller diameter) leads to a
larger total surface area. As a result, for neutron interactions happen in the
gel, the probability of secondary particles (produced in neutron interactions)
entering one superheated droplet becomes bigger, which can lead to a higher
intrinsic detection efficiency. However, the diameter of a droplet should not
be too small (corresponding to a very large number density). If the size of
the superheated droplet is too small, the probability of secondary particles
depositing enough energy after entering the droplet is relatively low, which
can result in a low detection efficiency. The reason is that the total energy
deposit inside a droplet is related to the distance traveled inside the droplet.
A too-small droplet diameter leads to a low probability of long-distance travel
inside the droplet.
SSDs are available commercially. The diameter of superheated droplets
can be chosen from tens of µm to hundreds of µm, and the number density
of the droplets can vary from 103 cm−3 to 105 cm−3. Standards of SDDs have
also been established [122, 123].
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2.2.3 Readout System
Either the total vapor volume or the number of gas bubbles is generally
used as a quantitative indication of neutron dose or neutron counts. There
are generally three types of readout systems. As shown in Figure 2.3 (a),
one method is to measure the total volume of the vapored gas [107]. The
second method is the acoustic readout system, as shown in Figure 2.3 (b).
Utilizing the piezoelectric transducer, this type of readout system tries to
catch the sudden pressure change that accompanies each vaporization. To
eliminate vibration noises from the ambient environment, two piezoelectric
transducers are used in this system, for an anti-coincidence measurement.
One is connected to the detector, and the other one is used for detecting
vibrations from the environment. Many superheated devices use this type
of readout [38, 110, 111, 112, 113]. The third type of readout system is the
optical readout system. It counts the bubbles through either 2D images or
3D images of the detector. Magnetic resonance imaging methods [114] or
computed tomography [116] are all possible 3D-imaging techniques. d’Errico
invented a light-scattering method [115]. As shown in Figure 2.3 (c), LEDs
were put right under the detector as a light source. Three photon-diodes
were put on the side of the detector for detecting the scattering light. As
the number of gas bubbles increased, the intensity of the scattering light
increased. Therefore, the scattered-light intensity is correlated to the number
of gas bubbles after calibration.
Figure 2.3: Commonly used readout systems.
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2.3 Detection Physics
2.3.1 The Detection Process
For an incident neutron, neutron scattering is the most probable interaction.
The superheated droplet detector is mainly composed of H, C, O, F, and
Cl, as shown in Table 2.2. Among various interactions with those elements,
the neutron scattering interaction has the highest cross sections. The cross
sections are shown in Figures 2.4, 2.5, 2.6, 2.7, 2.8.
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Figure 2.4: 1H neutron cross sections.
In the scattering interactions, energetic recoiled charged particles are pro-
duced. For the elastic scattering, the energy distribution of the recoiled
particles can be derived through momentum and energy conservation. As-
sume a neutron of energy En interacts with a nucleus of atomic weight A, the
kinetic energy that transfers to the nucleus follows a uniform distribution,
from zero to the maximum given by
EA = 4·A·E/(A+ 1)2 (2.1)
To vaporize a superheated liquid droplet, the charged particle has to de-
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Figure 2.5: 12C neutron cross sections.
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Figure 2.6: 16O neutron cross sections.
posit energy inside the droplet. As shown in Figure 2.9, if the interaction
happens outside the droplet, charged particles lose energy before entering
a superheated droplet. As a result, there is a nonzero probability that the
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Figure 2.7: 19F neutron cross sections.
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Figure 2.8: 35Cl neutron cross sections.
recoiled charged particle cannot deposit energy in any superheated droplets.
By contrast, if the interaction happens inside the superheated droplets, the
secondary charged particles can deposit energy inside the droplet and result
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in a vaporization.
Figure 2.9: Neutron interactions inside the detector.
Inside a droplet, enough energy has to be deposited within an effective
length L to actually vaporize the bubble [124]. The energy (W ) that an ion
can deposit in a given effective length is given by
W = L·(dE/dx) = kRc·(dE/dx) (2.2)
where dE/dx is the linear energy transfer (LET) of the charged particle; Rc
is the critical radius, which will be introduced later; k is a constant (reported
to be 2 [125]).
If the deposited energy W is higher than the minimum energy (Em, dis-
cussed later in this chapter) required to form a bubble, the droplet vaporizes
to a gas bubble.
The reason that superheated droplet detectors can be insensitive to gamma-
rays is that gamma-rays have linear energy transfer too low to deposit enough
energy within the effective length L for vaporization.
2.3.2 Theory of Bubble Formation
The thermal fluid dynamics problem of radiation-induced vaporization in a
metastable liquid (superheated emulsions, bubble chambers [120]) has not yet
been solved in general form. A universal quantitative theory about the bubble
formation is still absent. General agreement on the bubble formation is found
in the “thermal spike” theory [124]. There exists a numerical treatment that
has been developed with appropriate assumptions [126, 127]. Although it
successfully solves some selected cases by means of hybrid computational
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methods [128, 129], general application is not possible because of the number
of calculations required.
According to the thermal spike theory, when charged particles travel inside
the superheated droplet, there are two steps in the formation of a bubble,
as shown in Figure 2.10. In the first step, atomic agitation along the path
of charged particles becomes much more intense because of the energy de-
position. As a result of the intense agitation, submicroscopic vapor cavities
appear along the trails of charged particles. If the radius of a small cavity
is smaller than a critical radius Rc, the cavity collapses and disappears. In
contrast, if the radius of a cavity is larger than the critical radius, the cav-
ity expands indefinitely until the whole superheated droplet vaporizes. The
critical radius can be expressed as
Rc =
2σ
pv − pl≈
2σ
(ps − pl)(1− vv/vl) (2.3)
where σ is the surface tension; p is pressure (ps saturation value); v is specific
volume; and subscripts v and l donate the vapor and liquid phase.
To vaporize a gas bubble with such a critical radius, the minimum required
energy can be calculated by
Em =
16piσ3
3(ps − pl)2(1− vv/vl)2 ×
[
1 +
2∆H
(ps − pl)(vv − vl) − 3
T
σ
dσ
dT
]
+ 32pi·D2·ρl·Rc + 64pi·η·D·Rc
(2.4)
where ρv and ρl are the densities of vapor and gas, ∆H is the enthalpy
of evaporation, η is the liquid viscosity, and D is the thermal diffusivity
[130, 131, 132, 133, 134]. The first factor inside the large bracket represents
the free energy required for the isothermal process of spontaneous nucleation
of a critial bubble in equilibrium with its surroundings [100, 135]. The second
term inside the bracket is the enthalpy of evaporation of the vapor filling the
bubble. The last two terms outside of brackets represent the kinetic energy
given to the liquid moving away as the bubble expands to the critical radius
and the viscous losses.
23
Figure 2.10: Charged particle induced vaporization of superheated droplet.
2.3.3 Energy Threshold for Neutron Detection
The probability of vaporizing bubbles by the secondary charged particles
produced in the neutron scattering interaction drops as the neutron energy
decreases. The secondary charged particles have to deposit enough energy to
vaporize a droplet. As the neutron energy decreases, the average energy of the
secondary charged particles declines. For the neutron scattering happening
outside the superheated droplets, the probability that the secondary particles
entering a superheated droplet drops because lower energy means shorter
range.
The neutron energy detection threshold (Eth) exists for a superheated
droplet detector. As the neutron energy goes lower, the possible maximum
energy of the recoiled particles decreases. If the possible maximum energy
of the recoiled particles become lower than the minimum energy required
for vaporizing droplets, the neutron is not detectable through the neutron
scattering interaction.
The threshold energy can be varied through adjusting the operation tem-
perature and pressure of the detector. The surface tension σ and enthalpy of
evaporation H both drop as the temperature increases. As a result, the min-
imum energy (Em) required for vaporizing a superheated droplet decreases.
The decrease of the operation pressure can also result in the drop of the Em
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because the lower the ambient pressure, the less work needed for reaching
the critical radius.
Decreasing the threshold energy Eth dramatically for slow neutron detec-
tion is not a good method because the detector is sensitive to gamma-rays as
Eth becomes very small. The detector is insensitive to gamma-rays because
the linear energy transfer of electrons produced by gamma-rays is too low to
deposit enough energy (higher than Em) within the effective length (L). If
Em is adjusted to a very low number for slow neutron detection, electrons
produced by gamma-rays will also be able to deposit enough energy within
the effective length.
Figure 2.11 shows the neutron response of an octafluorocyclobutane de-
tector [38]. At room temperature (25 ◦C), as neutron energy goes below 1
MeV, the neutron fluence response drops significantly. A threshold energy
for detection exists. As the temperature increases, the energy threshold for
neutron detection also decreases.
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Figure 2.11: Fluence response of an octafluorocyclobutane detector, as a
function of neutron energy [38].
Slow neutrons can be detected with a superheated droplet detector that
contains chlorine although the slow neutron detection efficiency is very low
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in such a detector. Protons can be produced by the reaction
35Cl + n→35 S + p, Q = 615 keV
The reaction has a cross section of about 0.4 b for thermal neutrons (as shown
in Figure 2.8). Figure 2.12 shows the fluence response of a halocarbon-
12 SDD detector. The detector responds to slow neutrons because of the
35Cl(n,p)35S reaction.
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Figure 2.12: Fluence response of a halocarbon-12 SDD detector, as a
function of neutron energy [38].
2.4 Applications of the Superheated Droplet Detectors
Despite the low slow neutron detection efficiency, the superheated droplet
detectors have a lot of advantages. They are flexible in size, passive in oper-
ation, and insensitive to gamma-rays–advantages that make them applicable
in many areas. Increasing the slow neutron sensitivity may greatly extend
these application areas. Here, some applications of SDDs are reviewed.
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2.4.1 Applications in Neutron Dosimetry
Accurate neutron dosimetry is hard to achieve for a wide range of energy
of neutrons because of the following reasons: Neutrons carry no charge, and
they are not slowed down by electrons or affected by the coulomb field of
nuclei. It is usually the secondary charged particles that make detection pos-
sible. The neutron reaction cross sections in most materials are significantly
related to neutron energy.
An ideal dosimeter should correspond to the ICRP equivalent curve over
the entire range of neutron energy [136]. When comparing SDDs with other
commercially available dosimeters (nuclear track type A (NTA) personnel
neutron films, thermoluminescent albedo dosimeters, and fission track dosime-
ters [137]), SDDs correspond quite well to the ICRP equivalent curve over
the entire energy range [138, 139].
In addition, SDDs have the advantage of photon insensitivity. The va-
porization of superheated droplets requires enough energy deposition (higher
than a specific threshold) in an effective distance inside the droplets. As a
result, a particle with a low LET (linear energy transfer) may have no chance
to vaporize any superheated droplets. By adjustments of the temperature
and the pressure, the extent of superheat of the droplets can be varied corre-
spondingly. A low extent of superheat results in a high-energy threshold for
vaporization, and a high extent of superheat leads to a low energy thresh-
old. When an appropriate energy threshold is set, the secondary particles
(electrons) in interaction with photons have an LET too low to vaporize
the bubble. Only secondary heavy charged particles from neutron reactions
can vaporize superheated droplets. Research in 1980 demonstrated such a
photon-insensitive SDD [140].
2.4.2 Application in Neutron Spectrometry
One basic property of the superheated liquid is that the degree of super-
heat can be adjusted through controlling the temperature and pressure of
the droplet. The more the liquid is superheated, the less energy is needed for
neutrons to cause nucleation. Assuming that the pressure of SDDs is con-
stant at one-atmosphere pressure and the temperature of SDDs is equal to
the ambient temperature, the degree of superheat can be expressed as the dif-
27
ference between the ambient temperature and the boiling point. Therefore,
SDDs can achieve various degrees of superheat either through adjustment
of the ambient temperature or use of a different superheated liquid with a
different boiling point.
Using this basic property, there exist two types of neutron spectrometers
based on SDDs [107]. In one, a collection of SDDs that are made of su-
perheated liquids with various boiling points are used [141]. In the other,
only one or two superheated liquids with different boiling points are cho-
sen. The temperatures of the detectors are adjusted to obtain various energy
thresholds [38, 142, 143].
Both of the two types of SDD neutron spectrometers work well only for
fast neutrons. They are not very effective in counting epithermal or thermal
neutrons, as the operating temperature is so close to the critical boiling point
that not only is the operation status hard to maintain but also the detector
is no longer insensitive to gamma-rays.
Through improvement of the slow neutron sensitivity of SDDs, SDD neu-
tron spectrometers can effectively count the epithermal or thermal neutrons
through the comparison method. In such a method, two detectors are used.
One of the detectors is sensitive to both slow and fast neutrons. The other
one is sensitive only to fast neutrons. The difference of the count of these
two detectors is the slow neutron count.
2.4.3 Application in Medical Physics
There are scenarios in which a patient is exposed to unwanted neutrons in di-
agnostic or therapeutic procedures. The high-energy gamma-rays produced
in the therapeutic machine can generate neutrons through photoneutron re-
action with components (such as the target, collimator, etc.) of the accelera-
tor [144]. These contamination neutrons can either react with matter in the
room and then produce secondary radiation or deposit energy in the body of
patients. The photoneutron neutron reaction threshold usually varies from
around 6 MeV to 16 MeV [145] for different nuclides (except 1.67 MeV for 9Be
and 2.23 MeV for 2H). Therefore, the medical accelerators producing pho-
tons with energies above 6 MeV are generally potential sources of unwanted
neutrons.
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For measuring the unwanted neutron doses, SDDs have the advantage
of photon insensitivity, passive operation, tissue-equivalent composition (as
shown in Table 2.2), isotropic response, small size, and low cost. They can
be placed in multiple places to provide a reliable indication of the spatial and
energetic distribution of contamination neutrons [146, 75, 104, 147, 148].
Table 2.2: SDD and tissue-equivalent composition [149]
Material
Percent element weight Density
H C O N Other (g/cm3)
ICRU 33 TE 10.1 11.1 76.2 2.6 - 1
TE liquid 10.2 11.1 76.1 2.6 - 1.07
SDD 8.8 28.2 62.5 - 0.18 F, 0.32 Cl 1.25
2.4.4 Application in High-Energy Physics
The SDD was found to be suitable for searching for cold dark matter (CDM)
because it is totally insensitive to minimum ionizing radiation while respon-
sive to nuclear recoils of energies of a few keV [150, 151, 152]. Because of the
predictability of the response of the SDD to neutrons, it is believed that the
SDD can respond to weakly interacting massive particles (WIMPs) in the
same way.
For implementation of the SDD as a WIMP detector, a large volume is
required; and the temperature and pressure control should be stable and
flexible. The detector has advantages of low cost (around $60 kg−1 [153])
for large-volume implementation. But the background of alpha particles and
neutrons should be reduced through other techniques such as anti-coincidence
measurements. In 1996, Collar [150] showed that, under realistic background
considerations, cold dark matter sensitivity of SDDs is expected to be im-
proved by several orders of magnitude by using a detector based on super-
heated liquid droplets.
2.4.5 Application in Space Physics
An interesting application of the superheated liquid detector is measuring the
neutron spectrum in space. Bubble detectors that disperse superheated liquid
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droplets in a more rigid elastic polymer [141, 154] are used for measuring
radiation in space and estimating the biological effect [155].
A bubble detector spectrometer and six pairs of bubble detectors with
different energy thresholds were put on the Biocosmos satellite [141]. After
traveling for two weeks in the satellite orbit, the detectors were retrieved
for analysis. The result showed an unexpectedly large number of 10 MeV
neutrons, which is believed to be the result of interaction between protons
and the aluminum shell of the satellite. Also, the energy of 32% of the
neutrons was lower than 10 MeV. The total neutron dose was 0.75 mSv.
2.5 Chapter Conclusion
The superheated droplet detector is manufactured through uniformly dis-
persing the superheated droplet into the host gel. Successful detection of
an incident neutron includes three steps. In the first step, the neutron in-
teracts inside the detector through either scattering or capture reaction. In
the second step, the secondary particles produced in the reaction travel into
a superheated droplet and deposit enough energy. In the third step, the
superheated droplet vaporizes into a gas bubble.
The superheated droplet detector has a low slow neutron detection effi-
ciency. Improving the slow neutron detection efficiency is crucial for building
up the simultaneous fast and slow neutron detection system. The SDD has a
minimum energy threshold for neutron detection, with the energy threshold
adjustable through changing the operational temperature and pressure. The
slow neutron detection cannot rely on the threshold adjustment because the
detector would lose its gamma-ray insensitivity for such a low energy thresh-
old. The superheated droplet detector with chlorine inside can be used for
slow neutron detection, but the slow neutron detection efficiency is very low.
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CHAPTER 3
SLOW NEUTRON SENSITIVE
SUPERHEATED DROPLET DETECTOR
To improve the slow neutron detection efficiency of superheated droplet de-
tector, an appropriate nuclide should be doped into the detector. The nuclide
should have a large cross section in reaction with slow neutrons. The sec-
ondary particles of the reaction should include heavy charged particles for
vaporizing the superheated droplet detector. The other detector parameters
should also be optimized to increase the overall or slow neutron detection
efficiency.
3.1 Intrinsic Neutron Detection Efficiency of SDD
3.1.1 Efficiency Calculation
As discussed in the previous chapter, the detection of a neutron in the super-
heated droplet detector has the following steps. At the beginning, a neutron
interacts with a nuclide inside the detector. After the interaction, secondary
charged particles have a probability to travel into a superheated droplet. If
the charged particles deposit enough energy inside the superheated droplet
to vaporize the droplet, the neutron is considered to be detected. The in-
trinsic neutron detection efficiency () for neutrons with energy En can be
calculated with
(En) = Pr(En)×Prv(En) (3.1)
where Pr(En) is the probability of a neutron interaction happening inside
the detector, and Prv(En) is the probability of secondary particles from the
reaction vaporizing a droplet.
There could be multiple types of neutron interactions. Let i represent the
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ith interaction; the Pr(En) can be calculated by
Pr(En) =
∑
i
σi(En)n·L (3.2)
where σi(En) is the reaction cross section, n is the number density of the
nuclide, and L is the average travel distance of neutrons inside the detector.
L is decided by the detector geometry.
In one neutron interaction, multiple secondary charged particles could
be produced. If the neutron interaction happens outside the superheated
droplets, the secondary charged particles have to travel into a droplet and
then deposit enough energy for vaporization. If we assign ji as the jth charged
particles produced in the ith neutron interaction, then Prv(En) can be calcu-
lated by
Prv(En) =
∫ Emax
Emin
∑
ji
piR2dend×τ
(
dj(Es)− dj(Eth)
)
pj(Es)dEs (3.3)
τ(x) =
{
x, x > 0
0, x ≤ 0
where Rde is the effective radius of the superheated droplets (explained later),
nd is the number density of the superheated droplets, dj(E) is the range of
the jth secondary particle with energy of E, Eth is the minimum energy
deposition required for vaporizing a superheated droplet, Es is the initial
energy of the jth secondary charged particle, and pj(Es) is the probability of
the secondary charged particle having energy of Es. If the secondary charged
particle has discrete energy distribution, the integration should be changed
to sum.
In the equation 3.3, piR2de represents the cross section of a superheated
droplet for a secondary particle. τ
(
dj(Es)−dj(Eth)
)
is the distance that the
secondary particle can travel. Rde can be illustrated as
Rde =
√
R2d −
E2th
4LET 2j
≈Rd (3.4)
where Rd is the radius of superheated droplets, and LETj is the linear energy
transfer of the jth secondary particle.
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As shown in Figure 3.1, the secondary particle has to travel a minimum dis-
tance of Eth
LETj
to vaporize a superheated droplet. The effective Rde represents
the radius of the zone that can guarantee such a minimum travel distance
as long as the secondary particle enters the zone. Because Rd is usually in
hundreds of µm, and Eth
LETj
is within several µm, Rde is approximately equal
to Rd.
Figure 3.1: Effective radius of a superheated droplet.
For the neutron interaction happening inside a droplet, Prv(En) can be less
than one only if the interaction happens close to the surface of superheated
droplets. As shown in Figure 3.2, when the interaction position is close to
the surface, the secondary charged particle has a chance to escape without
depositing enough energy Eth to vapor the droplet.
Two different cases should be considered for calculating the Prv(En). In
the first case, the moving direction of one particle is independent of the other
secondary particles. For example, only one secondary particle was produced
in the neutron scattering. Its moving direction is not related to that of any
other secondary particles. In the second case, the moving direction of one
secondary particle is related to the moving direction of other particles. For
example, in the 10B(,α)7Li reaction, the two secondary particles move in
opposite directions.
For the first case that the moving direction of a particle is independent of
others, Prv(En) is represented by
33
Prv(En)=

(
Rd−lj
Rd
)3
+
∫ Rd
Rd−lj
1
2
(
1− r2+l2j−R2d
2rlj
)
3r2dr
R3d
, 0≤lj≤Rd
∫ Rd
lj−Rd
1
2
(
1− r2+l2j−R2d
2rlj
)
3r2dr
R3d
, Rd < lj ≤ 2Rd
=

1− 3
4
(
lj
Rd
)2
+ 1
16
(
lj
Rd
)3
, 0≤lj≤Rd
1
16
(
lj
Rd
− 2
)2 (
4 +
lj
Rd
)
, Rd < lj ≤ 2Rd
(3.5)
when ljRd, Prv(En) is approximately equal to 1. As lj = 2Rd, the proba-
bility becomes zero.
For the second case, that two secondary particles were produced in the in-
teraction and they were moving in opposite directions, the sum of the energy
deposition of the two particles has to be higher than the energy threshold.
As shown in Figure 3.2, if we approximately treat the LET of particles as a
constant, the vaporization condition can be described as√
R2 − r2 sin2 θ + r cos θ
l1
+
√
R2 − r2 sin2 θ − r cos θ
l2
≥ 1 (3.6)
By solving the above inequality, the solid angle of the moving direction
that can vaporize the droplet is
Ω =
 4pi − pi
√
(l1+l2)
2(4r2+l1l2−4R2d)
l1l2r2
, r≥Rd
√
1− 1
4
l1
Rd
l2
Rd
4pi, r < Rd
√
1− 1
4
l1
Rd
l2
Rd
(3.7)
With the value of the solid angle, then the probability of vaporizing a
droplet can be calculated by
Prv(En)=

(√
1− l1l2
4R2d
) 3
2
+∫ Rd√
R2d−
l1l2
4
(
1− 1
4
√
(l1+l2)
2(4r2+l1l2−4R2d)
l1l2r2
)
3r2dr
R3d
,
for r≥Rd
√
1− 1
4
l1
Rd
l2
Rd
1, for r < Rd
√
1− 1
4
l1
Rd
l2
Rd
(3.8)
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(a) Single independent secondary
particle.
(b) Two secondary particles
in opposite moving
directions.
Figure 3.2: Two different cases of secondary particles.
As the l1 and l2 are usually much smaller than Rd, for neutron interactions
happening inside a superheated droplet,
Prv(En) ≈ 1 (3.9)
3.1.2 Discussion of the Neutron Detection Efficiency
To increase the neutron detection efficiency, both the probability of the neu-
tron interaction and the probability of depositing enough energy by the sec-
ondary particles should be improved. As in equation 3.1, the detection ef-
ficiency is the product of these two probabilities. Either of the two factors
can be the bottleneck of the detection efficiency.
The neutron interaction probability relies on the reaction cross section, the
number density of the nuclide, and the geometric size of the detector. To
increase the interaction probability, isotopes with a large interaction cross
section with neutrons can be added into the detector. A large detector size
can also increase the efficiency.
The position of the neutron interaction also matters because the secondary
particles from interactions inside droplets have a much higher probability to
vaporize the droplet than if the interaction happens outside the droplets. If
an isotope with a large neutron interaction cross section were mostly con-
centrated inside the superheated droplets, the neutron intrinsic detection
efficiency could be greatly improved.
For achieving a high probability of vaporization by the secondary parti-
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cles, the range of the secondary particles is important as shown in equation
3.3. If the neutron interaction happens outside the superheated droplet, a
secondary particle has to travel a distance to reach a superheated droplet.
A long range means a higher probability of interaction with a superheated
droplet. The number density of the superheated droplets and the radius of
superheated droplets are also important for the vaporization probability. As
shown in equation 3.3, increasing both values can result in the increase of
the vaporization probability. However, the total volume of superheated liq-
uid is usually constant. An increase of the number density usually means
a decrease of the droplet size. Assume the total volume of the superheated
liquid is V , then the vaporization probability has the following relationship
with the droplet radius Rd
Prv(En) ∝ piR2dnd ∝
V
Rd
. (3.10)
Decreasing the droplet radius can increase the probability of vaporization for
interaction happens outside the superheated droplets. Rd also cannot be de-
creased to a very small value because such a small value of Rd can potentially
decrease the vaporization probability for interactions happening inside the
superheated droplets. As discussed in equations 3.5 and 3.8, the vaporiza-
tion probability is approximately 1 as long as the Rd is much larger than the
minimum travel distance (lj) of the secondary particles for depositing enough
energy. Generally, the droplet size cannot be made that small because the
lj is in a magnitude of several µm; and Rd is usually in tens or hundreds of
µm.
3.2 Improving the Intrinsic Detection Efficiency for
Slow Neutrons
The reason that the slow neutron detection efficiency of superheated droplet
detectors is low is that there are no feasible neutron interactions with a large
slow neutron cross section. A general SDD mainly relies on the neutron
scattering interactions. However, the secondary particles from the scattering
of slow neutrons have energy too low to vaporize a droplet.
To improve the slow neutron detection efficiency, a new isotope should be
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added into the detector. The isotope should have a large slow neutron cross
section. Energetic heavy charged particles should also be produced in the
neutron interaction.
3.2.1 Neutron Absorption Nuclide
To improve the slow neutron detection efficiency, the doping nuclide must
satisfy several requirements. First, the nuclide must have a high absorption
cross section for slow neutrons. Second, the secondary particles produced
in the neutron absorption reaction must include heavy charged particles. In
addition, a high Q value is preferred because high energy means long range
which could result in a high probability of reaching a superheated droplet
and depositing enough energy for vaporization.
As listed in Table 3.1, the generally used isotopes for neutron detection are
6Li, 10B, 113Cd, 155Gd, and 157Gd. They can interact with neutrons through
the following interactions:
n +3 He→3 H + p, Q = 0.764 MeV
n +6 Li→3 H +4 He, Q = 4.78 MeV
n +10 B→
7Li + α, Q = 2.792 MeV (ground state)7Li∗ + α, Q = 2.310 MeV (excited state)
n +113 Cd→114 Cd + e− + γ, Q = 9.04 MeV
n +155 Gd→155 Gd + e− + γ, Q = 8.54 MeV
n +157 Gd→157 Gd + e− + γ, Q = 7.94 MeV
Those interactions all have large cross sections with slow neutrons, as shown
in Figure 3.3.
Among those nuclides, 6Li and 10B are good candidates for two reasons.
Both isotopes have large cross sections in reaction with slow neutrons. En-
ergetic heavy charged particles (capable of vaporizing the droplets) are pro-
duced in the reactions of both isotopes with slow neutrons. Absorption of
slow neutrons by 6Li produces an α with an energy of 2.05 MeV and a 3H
atom with an energy of 2.73 MeV. The cross section of the reaction is 940 b
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for 25.3 meV neutrons. In the reaction of 10B with slow neutrons, there is an
approximately 94% probability of producing a 0.84 MeV 7Li∗, a 1.47 MeV α,
and a 482 keV gamma-ray. There is also an approximately 6% probability
of producing a 1.02 MeV 7Li and a 1.78 MeV α. The reaction cross section
is 3835 b.
Table 3.1: Nuclide candidates for slow neutron detection [6, 156, 157]
Thermal neutron
absorption Natural Secondary Q
Isotope cross section abundance particles value
(barns) (%) (MeV)
6Li 9.4× 102 7.59 3H, 4He 4.78
10B 3.8× 103 19.9 γ, α, 7Li 2.79
113Cd 2.1× 104 12.2 γ, e−1 9.04
155Gd 6.1× 104 14.8 γ, e−1 8.54
157Gd 2.5× 105 15.65 γ, e−1 7.94
In comparing 6Li and 10B, both have advantages. Table 3.2 shows the
range of secondary particles from 10B and 6Li interactions (calculated with
SRIM [158]). The secondary particles from neutron interaction with 6Li have
a longer range, which can lead to a larger probability of bubble vaporization.
10B has a higher neutron cross section and natural abundance. As a result,
neutron interaction probability with 10B is higher; and the economic cost for
getting 10B could be lower than getting 6Li.
3.2.2 Doping Medium of Neutron Absorption Nuclide
As discussed under neutron detection efficiency, the secondary charged par-
ticles have a very high probability to vaporize the droplet if the interaction
happens inside the superheated droplets. When considering doping 6Li or
10B into the superheated droplet detector, one should consider if it is pos-
Table 3.2: Range of charged particles in SDD (µm)
Reaction 6Li(n,α)3H 10B(n,α)7Li
Products α 3H α 7Li
Energy (MeV) 2.05 2.73 1.47 1.78 0.84 1.02
Range (µm) 9.44 55.08 6.61 8.07 3.36 4.07
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Figure 3.3: Neutron cross sections [159].
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sible to increase the probability that neutron interactions happen inside the
droplet.
Doping the nuclide into the superheated liquid can make the neutron ab-
sorption interactions happen inside the droplets. However, it could be tech-
nically challenging to dope a nuclide into the superheated liquid. The su-
perheated liquid has to maintain its superheated state for neutron detection
capability. Doping another nuclide into the superheated liquid can poten-
tially change the chemical and physical properties of the liquid. The prop-
erties of the superheated liquid after doping a nuclide should be thoroughly
studied for ensuring the functionality of the superheated droplet detector.
Currently, techniques for doping nuclide into a superheated liquid are still
under development.
Doping the nuclide into the host gel makes the neutron absorption interac-
tions happen outside the droplets. Because the interaction happens outside
the superheated droplets, the probability of secondary particles entering a
superheated droplet becomes crucial for achieving high slow neutron detec-
tion efficiency. 6Li could be more preferable to 10B in such detectors because
the secondary particles from the 6Li interaction have a much longer range.
3.2.3 Concentration
A higher nuclide concentration is preferred for achieving high neutron detec-
tion efficiency. As shown in equation 3.2, a higher number density of nuclide
can result in a higher neutron interaction probability, which can further in-
crease the neutron detection efficiency. However, the chemical and physical
properties of the host gel and superheated liquid should not be compromised
for achieving high concentration. The host gel should remain inert, insoluble
to the superheated liquid, and viscous. The superheated liquid should also
be able to maintain its superheated state.
3.2.4 Droplet Size and Number Density
The droplet size and number density have impacts on the probability of
vaporizing a bubble by the secondary particles. As discussed previously, if
the interaction happens outside the superheated droplets, the cross section
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for secondary particles to vaporize a droplet is piR2dend. Rde is approximately
equal to the radius of a superheated droplet. Increasing both the number
density and droplet size can increase the cross section.
When the total superheated liquid volume is constant, a smaller super-
heated droplet size can lead to larger detection efficiency. Increasing both
the number density and droplet size is actually increasing the volume percent-
age of superheated liquid. However, the volume percentage of superheated
liquid cannot change a lot. In general, the total superheated liquid volume
percentage can be up to 5% [160]. With a constant volume superheated liq-
uid, as discussed in equation 3.10, a smaller droplet size can result in a larger
vaporization probability.
3.3 Chapter Conclusion
The intrinsic neutron detection efficiency of a superheated droplet detector
is decided by both the probability of neutron interaction and the probability
of vaporizing a droplet by secondary particles from the neutron interaction.
The neutron interaction probability is decided by the reaction cross section,
the number density of the nuclide, and the geometric size of the detector.
The probability of vaporization by secondary particles is decided by many
factors, such as the position of interactions, range of secondary particles,
number density of superheated droplets, and size of the droplets.
For improving the slow neutron detection efficiency of superheated droplet
detectors, 6Li or 10B should be doped into the detector. They have high
neutron interaction cross sections. Secondary particles are energetic heavy
charged particles.
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CHAPTER 4
SIMULTANEOUS DETECTION OF FAST
AND SLOW NEUTRONS
For simultaneous detection of fast neutrons and slow neutrons, the detection
system with two superheated droplet detector and a live readout system was
built. This chapter demonstrates details of the detection system.
4.1 Detection System
As shown in Figure 4.1, for simultaneous detection of fast neutrons and
slow neutrons, the detection system is composed of two superheated droplet
detectors. Those two detectors have the same superheated liquid and host
gel. The number density and size of the superheated droplets are very similar.
The difference is that host gel of one detector is doped with lithium or boron.
As a result, one detector is capable of measuring only fast neutrons; and the
other one is capable of measuring both fast neutrons and slow neutrons.
Figure 4.1: Detection system for simultaneous detection of thermal and fast
neutrons.
In the ideal case, the two detectors should have the same response for fast
neutrons. The fast neutrons can be measured by the detector without doping,
and the slow neutron response is measured through the response difference of
the two detectors. However, it is impossible to have two identical detectors
in a real experiment. The response for fast neutrons should be calibrated.
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Let Rf and Rt,f represent the neutron counts measured by the detector
without boron or lithium and the detector doped with boron or lithium re-
spectively. Let K and B represent the linear calibration factor for mak-
ing two detectors have the same response for fast neutrons. Then, the
fast neutron count is Rf , and the slow neutron count can be calculated by
(K·Rt,f +B)−Rf .
4.2 Readout System
One characteristic of a superheated droplet detector is its direct readability.
The number of bubbles indicates the neutron dose. A live, convenient, simple,
and low-cost readout system can significantly extend the usability of the
detector.
Many readout systems [113, 115, 107] have been developed for accurate
bubble counting because superheated droplet detectors reveal neutrons as gas
bubbles. Acoustic readout systems [113] detect the sound produced in the
cavitation process with a piezoelectric transducer. Imaging readout systems
[107] count bubbles through analyzing images of the detector. Also, other
readout systems utilize many different types of data from the gas-bubble
formation, such as light-scattering [115] and volume increase [75].
Among all those readout systems, the imaging-readout system has ad-
vantages of high availability, low cost, and ease of use because cameras are
ubiquitous. For example, one can take a picture of the detector with any
camera-included electronic device, such as a smart-phone or a tablet com-
puter. Then, the accurate neutron dose can be given with image analysis by
software (such as an app on a smart-phone).
A robust and accurate image analysis algorithm is required for such an
imaging system because the image quality could vary dramatically. For ex-
ample, images taken by different persons from various locations can have
different backgrounds, light conditions, and view angles. Also, images from
different cameras could have various resolutions and white noise.
In this research, machine learning algorithms (deep neural networks (DNN)
and support vector machines (SVM)) were applied in a new imaging-readout
system of superheated droplet detectors for the first time. Performance of the
algorithms were evaluated in a back-illumination imaging system for compar-
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ison with generally used algorithms [161, 162] (Hough transform and curva-
ture analysis). The deep neural network showed a more accurate and precise
performance than generally used imaging analysis algorithms [162, 163, 164,
165].
The readout system built in this research is a back-illumination imaging
system. As shown in Figure 4.2, a superheated droplet detector is put be-
tween a camera and a LED light source for imaging. Because refraction of
light through the curved glass wall of the detector can lead to shape distor-
tion of a bubble image, the detector is also put inside a cuboid container (full
of water) to reduce the influence of the light refraction. Images taken by the
camera are transmitted to a computer and analyzed by different algorithms
to count the bubbles.
Figure 4.2: Back-illumination imaging system.
4.3 Imaging Analysis Algorithms
As shown in Figure 4.2, the purpose of image analysis is to count the cir-
cular gas bubbles in the image. It is essentially a circular-object-recognition
problem. However, it can be quite difficult to accurately separate and count
bubbles that are overlapped in the image.
To find the algorithm with the best robustness and accuracy, four different
algorithms were tested on a back-illumination imaging system. Of those
four algorithms, two are generally used methods (the Hough transform and
curvature analysis); and two are new methods based on machine learning
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[166].
4.3.1 Hough Transform
The Hough transform is generally used for shape detection [167]. Circular or
elliptical shape recognition can be done with the circular Hough transform
[161]. Algorithms based on the Hough transform can only deal with gray scale
images. In the implementation of this research, the image is first converted
into binary data through edge detection. A pixel on an edge has a value
of one and a pixel not on any edge has a value of zero. Then all pixels
with positive values vote for possible circle parameters (center position and
radius of a circle). Circle parameters with votes higher than a threshold are
considered as possible candidates.
4.3.2 Curvature Analysis
Honkanen reported a robust ellipse recognition method based on analysis of
curvature information [162]. This method uses perimeter information of an
object. After edge detection, perimeters of segments are used for curvature
calculation. As shown in Figure 4.3, because the curvature usually changes
rapidly at the connection points of two overlapped ellipses, the algorithm
attempts to detect the connection points through identifying the extrema
of the derivative of surface curvature. The detected connection points sep-
arate one perimeter into several perimeters. All these perimeters are then
regrouped according to whether they might belong to same ellipse. The final
stage is ellipse fitting. The number of successful ellipse fitting is considered
as the number of bubbles inside the image.
It should be mentioned that, before performing the circular Hough trans-
form detection or curvature analysis, the image is processed to reduce noise.
As shown in Figure 4.4a, only part of the original image is a superheated
droplet detector. Further bubble recognition algorithm should be performed
only on the superheated droplet detector area. To extract the superheated
droplet detector from the background, a line detection is first performed to
rotate the detector to the horizontal. Then with an edge detection, the algo-
rithm can recognize the area with most clustered edge information (as shown
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(a) Edge in original image. (b) Edge smoothed with low-frequency
pass filter.
(c) Tangent slope change (normalized). (d) Derivatives of curvature.
Figure 4.3: The process of the curvature analysis.
in Figure 4.4b). This area is extracted as the area of interest, which is the
superheated droplet detector. And a median filter is applied for noise reduc-
tion at the final stage. The median filter is used because it can effectively
reduce high frequency noise without losing too much edge information.
4.3.3 Support Vector Machine
A support vector machine (SVM) is a supervised learning model that can
recognize patterns and classify data [168, 169]. It was originally introduced
by Vapnik et. al [170, 171]. The method became popular because of its
remarkable robustness on noisy and sparse data [172].
The SVM method is generally used for the classification of a binary-labeled
data set. When learning on the training data set, it tries to separate the data
with a hyper plane that has a maximum distance to both groups of data. Fig
4.5 shows an example in two-dimensional space. There are an infinite number
of lines which can separate the two groups of dots. The SVM method selects
the line that maximizes the margin, which is the distance from the line to
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(a) Step 1: measure the inclined angle
with line detection.
(b) Step 2: rotate the image to make
the area of interest horizontal and
perform edge detection.
(c) Step 3: extract the area of interest
according to edge detection result.
(d) Step 4: apply median filter for noise
reduction.
Figure 4.4: Process for noise reduction.
Figure 4.5: Support vector machine example in two-dimensional space.
the closest dot. For dealing with data that are not linearly separable, the
kernel technique can be used [173].
To use the SVM method for bubble recognition, the images of superheated
droplet detectors have to be converted into data sets that can be labeled with
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binary labels (bubble exist or not). The data set should also be large enough
to increase accuracy of the algorithm. With these considerations, the image
is divided into patches of 10 pixels × 10 pixels × 3 colors (as shown in Figure
4.7) through a sliding window. The image patch size is small enough such
that the number of bubbles in it can be well approximated with a binary
number (probability distribution of the diameter of gas bubbles is shown
in Figure 4.6). With the sliding window, a large number of image patches
can be converted from one detector image. The moving pace of the sliding
window is 4 pixels. Because the size of each image is 2160 × 4096, over a
half-million image patches are produced from one image. Each image patch
can be treated as a vector with 300 dimensions.
The SVM method is a supervised machine learning method. There are
usually two process when using a supervised machine learning algorithm.
One is the training process and the other one is the testing process. During
the training process, the algorithm is learning through labeled examples.
During the testing process, new image patches are given to the algorithm.
The algorithm labels those image patches from the experience it has learned
during the training process.
For the training process of the SVM method, image patches from two
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Figure 4.6: Probability distribution of the diameter of a vaporized gas
bubble.
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images were used. Each patch was manually labeled as positive (+1) or
negative (−1). A positive label meant that the image patch was part of a
bubble (the average diameter of a bubble was about 30 pixels in the image)
and a negative label meant it was not.
In the mathematical representation, each image patch is a vector (xi) with
300 dimensions. The SVM solves the following problem
argmin
w,b,ξi
1
2
w ·w + C
n∑
i=1
ξi (4.1)
subject to
ξi ≥ 0 ∀i (4.2)
yi(wxi + b) ≥ (1− ξi) ∀i (4.3)
where yi is the label (+1 or −1) of the vector (xi); w and ξi are parameters
for classifying new image patches. With the SVM method, all bubble regions
in the image will be labeled as positive.
After the training process, 123 images were used for the testing process.
Each image was also divided into image patches with the same size as in
the training process. The well-trained SVM model labels each image patch
as positive or negative. The number of positive image patches were used as
an estimation for the number of bubbles. Each image can produce over a
half-million image patches through a sliding window with a moving pace of
Figure 4.7: Examples of image patches.
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4 pixels
4.3.4 Neutral Network
The earliest work of neural computing can be traced to the work of McCul-
loch and Pitts in 1943 [174]. Ivakhnenko and Lapa did the earliest deep-
learning-like algorithm research [175] that had multiple layers of non-linear
features. Recently, neural network methods have been applied in numerous
disciplines (biology, medical science, artificial intelligence, etc.) and have
shown remarkable performance [176, 177, 178].
The basic unit of a neural network is an artificial neuron that tries to mimic
the behavior of a biological neuron. As shown in Figure 4.8a, a neuron takes
several inputs and has one output. The output is calculated through an
activation function. A neural network consists of several layers, and each
layer is composed of many neurons (as shown in Figure 4.8b). A neuron in a
layer is also called a node. There are three types of layers. The input layer
is for the input data, and the number of nodes is equal to the dimensions
of the input data. The output layer is for the output data, and the number
of nodes is also determined by output data dimensions. The layers between
the input layer and the output layer are the hidden layers. A neural network
with multiple hidden layers (> 3) is called a deep learning neural network.
(a) A neuron. (b) A neural network.
Figure 4.8: Illustration of a neural network.
In this research, a neural network with three hidden layers is built within
TensorFlow [179]. There were 200, 400, and 200 nodes for the first, second,
and third hidden layers. These parameters were decided through parameter
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(a) Original picture. (b) Value of the probability density
function in each pixel.
Figure 4.9: Mimicing of bubbles with Gaussian distribution.
tuning, which means optimization by experimenting with different parame-
ters. The input data of the neural network are the image patches with the
size of 30 pixels × 30 pixels × 3 colors. Such an image size is large enough
to cover most parts of a bubble but small enough not to involve too much
noise. The output of the neural network is a number, indicating the number
of bubbles inside the image patch. If only part of a bubble is inside the image
patch, the output number should indicate the percentage of the bubble inside
the image patch.
Like the SVM method, the neutral network used here is also a supervised
machine learning algorithm. The neutral network needs to learn parameters
from examples (the training process) before using them to actually count
bubbles (the testing process). The images used for training and testing were
the same as in the SVM method. Two images were used for training, and
123 images were used for testing.
In the training process, to calculate the number of bubbles inside an im-
age patch, each bubble is mimicked with a 2D Gaussian probability density
function. The number of bubbles inside the image patch is equal to the total
probability inside the image patch. The probability of a bubble in each pixel
is calculated with following equation:
p(x, y) =
∑
i
1
2pidxidyi
exp
(
−
((x− xci)2
2d2xi
+
(y − yci)2
2d2yi
))
(4.4)
where (x, y) is the position of the pixel, (xci, yci) is the center of the bubble
i, and dxi and dyi are the major axes of the gas bubble i in the image. Figure
4.9 shows an example of the calculation result.
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4.3.5 Image Analysis Results
Bubble recognition results are shown in Figure 4.10. The bubble recognition
result of the Hough transform algorithm is shown in Figure 4.10a. The
method successfully detected bubbles in the bright region of the image but
failed to detect bubbles in the darker area. The reason for this is that the
edge detection done before doing the Hough transform does not work very
well in regions of lower contrast. Thus, the perimeters of the bubbles in the
dark regions were lost at the edge detection step.
The curvature method effectively recognized bubbles in the dark region.
As shown in Figure 4.10b, almost all the bubbles were successfully detected.
However, a lot false bubbles were detected on the right part of the image.
These false bubbles resulted from perimeters of non-bubble objects.
The result in Figure 4.10c shows that the SVM method works much better.
The SVM algorithm not only successfully detected almost all the bubbles, but
also had a very low false positive rate. Such a good performance is because,
instead of using only perimeter information, the SVM uses information from
every pixel for bubble identification.
The neural network performed similarly to the SVM (as shown in Figure
4.10d) because it also uses information from every pixel. One advantage of
using neural network is that it can give more accurate and consistent counts of
bubbles (see comparison in Figure 4.11). The SVM method only labels each
image patch as positive or negative. As bubbles with different sizes can result
in various numbers of positive patches, it is not very accurate to estimate
the number of bubbles simply by counting the number of positive patches.
In comparison, neural networks label each image patch as the number of
bubbles inside the image patch. As a result, the neutral network algorithm
can estimate the total number of bubbles more accurately.
4.3.6 Algorithm Comparison
To compare the algorithms, the accuracy and precision of the bubble counting
are two major properties. Accuracy refers to the closeness of a calculated
bubble number to the ground truth. Precision refers to the closeness of
two or more counting results (for the some ground truth) to each other. One
algorithm is better than another when it has both better accuracy and better
52
(a) Hough transform. (b) Curvature analysis.
(c) Support vector machine. (d) Deep neural network.
Figure 4.10: Bubble recognition results of four different methods.
precision.
To compare the accuracy and precision of algorithms, we used manual
counting results (Nm) as the ground truth. Assuming bubble counts of algo-
rithms is Na, then the ground truth can be calculated with
Nm = k ×Na + b (4.5)
where k and b are constant. The value of k and b are not important for
accuracy and precision. The reason is that they can be calculated in the
calibration process, and one can easily calibrate Na with known k and b. The
property that matters for accuracy and precision is the linearity between Nm
and Na. Only with a good linearity can accurate and precise results from
Na, k, and b to be obtained.
In the experiment, images of detectors with different numbers of bubbles
were analyzed by algorithm. The algorithm output was compared with man-
ual counting results. The accuracy was evaluated by the R value of the linear
fitting between Na and Nm. The precision was evaluated by the standard
deviation error of the linear fitting.
Figure 4.11 shows the comparison result. The DNN demonstrated the best
accuracy and precision according to the result (highest R value and lowest
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deviation error). As the actual number of bubbles decreases or increases, the
DNN can maintain a very good linearity and low standard deviation error.
As a result, accurate bubble numbers of an image can be calculated with the
output of the DNN.
Figure 4.11: Performance of four different methods.
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4.4 Chapter Conclusion
The detector system for simultaneous fast neutron and slow neutron detection
is composed of two similar superheated droplet detectors. The two detectors
have the same geometry, number density of droplets, size of droplets, super-
heated liquid, and host gel. The only difference is that one detector is doped
with boron or lithium.
With such a detection system, the fast neutron flux is measured through
the response of the detector that has no lithium or boron inside it. The slow
neutron flux is measured through the response difference of the two detectors.
For developing a robust and precise imaging-readout system, machine
learning algorithms are developed for bubble counting. In applying these
machine learning methods in the readout system of a superheated droplet
detector, it was found that the count of bubbles becomes more accurate. The
deep learning neural network showed a very good robustness and accuracy.
The reason is that the previously used image analysis methods utilize only
the perimeter information. The machine learning methods use information
of every pixel for bubble recognition. Therefore, it has been demonstrated
that these methods work better for SDD bubble counting.
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CHAPTER 5
QUANTITATIVE ANALYSIS
Simultaneous detection of slow neutrons and fast neutrons relies on the re-
sponse difference between two different types of detectors. One type of de-
tector is the regular halocarbon superheated droplet detector that does not
respond to slow neutrons. The other type of detector is the halocarbon de-
tector doped with lithium or boron.
Detection physics and analytical efficiency analysis of these two types of
detectors have been illustrated previously. This chapter studies the detection
efficiency of the detectors with quantitative methods. Feasibility research for
simultaneous detection is also conducted.
5.1 Quantitative Modeling
Quantitative analysis of the neutron detection efficiency requires an accurate
but not overly complicated modeling of the detector and the neutron interac-
tion process. On the one hand, an overly complicated model can potentially
be computationally expensive. The calculated result from the complicated
model also generally has a high bias. On the other hand, an overly simplified
model may lead to a high variance result.
5.1.1 Detector Composition
Several approximations were applied during the modeling of the superheated
droplet detector.
Nuclides with very low abundance were not considered in the calculation.
The chemical elements inside a superheated droplet detector are mainly hy-
drogen, carbon, and oxygen. Fluorine and chlorine are also contained, de-
pending on the types of superheated liquid. Table 5.1 shows the natural
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abundance of isotopes of interest in the modeling of the superheated droplet
detector.
Table 5.1: Elements and nuclides of interest for SDD modeling
Nuclide Abundance (%) Included in modeling
1H 99.985 Yes
2H 0.015 No
12C 98.892 Yes
13C 1.108 No
16O 99.759 Yes
17O 0.037 NO
18O 0.204 NO
19F 100 Yes
35Cl 75.4
Yes for dichlorodifluoromethane detector
NO for octafluorocyclobutane detector
37Cl 24.6
Yes for dichlorodifluoromethane detector
NO for octafluorocyclobutane detector
All nuclides are treated as being homogeneously distributed inside the de-
tector. Although hydrogen and oxygen are mainly concentrated inside the
host gel, fluorine and chlorine mainly exist inside the superheated droplets,
and carbon appears inside both the host gel and the superheated liquid, all
nuclides are treated same way in calculation of neutron interaction probabil-
ity. The reason is that exact modeling of every superheated droplet is not
feasible because of the unknown geometric distribution and the unknown di-
ameter distribution of the superheated droplets. Also, the very large number
density of the droplets can make the calculation extremely time consuming.
The detector geometry was treated as a cylinder with a radius of 0.8 cm
and a height of 5 cm. Density of the liquid was 1.25 g/cm3. The container of
the detector was modeled as a hallow cylinder with a outer radius of 0.9 cm.
The material of the container was borosilicate glass with a density of 2.23
g/cm3, which contains 13% (in weight) B2O3 [180]. The container glass were
treated as a layer of shielding materials. Only the neutron capture reaction
by 10B was considered in the calculation.
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5.1.2 Detector Properties
The properties of octafluorocyclobutane detectors are calculated (by self-
programing with equations from previous chapters) here for analysis because
the octafluorocyclobutane (C-318) supehreated detector was used in the ex-
perimental research.
Calculation of the critical radius Rc is required for calculation of the min-
imum energy to vaporize a droplet. As discussed in Chapter 2, the critical
radius Rc is decided by the surface tension, vaporization pressure, and ambi-
ent pressure. Surface tension of octafluorocyclobutane can be calculated by
the following equation [181]
σ(234− 269)/mN m−1 = 43.93− 0.119(T/K) (5.1)
the vapor pressure of octafluorocyclobutane can be calculated by [182]
P =exp(−98.499002− 1805.4910T−1 − 0.11720375T
+24.247841 lnT + 7.9735652× 105T 2)
(5.2)
where the unit of P and T are in kPa and kelvin. The calculation result of
the critical radius is shown in Figure 5.1. The reference results are from the
calculation of d’Errico [183].
The minimum energy required for vaporizing a superheated droplet detec-
tor then can be calculated with equation 2.4. Figure 5.2 shows the calculation
results. The thermodynamical data required for calculation came from the
NIST database [184]. The calculation results deviate only slightly from the
data given by the references [183, 100]. The reason for the deviation could
be the differences of thermodynamical data used in calculation. The data
used for calculation in this research is attached in the appendix.
5.1.3 Neutron Interactions
The neutron interactions that contribute to intrinsic detection efficiency are
the interactions that produce heavy charged particles. Therefore, the neutron
capture reactions that produce only gamma-rays are not considered during
analysis. The neutron interactions included in the calculation are elastic
scattering, inelastic scattering, and several neutron capture interactions that
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Figure 5.1: Calculated result of the critical radius, compared with results
from d’Errico [183].
have large cross sections. Specifically, the neutron capture reactions included
in the calculation are 35Cl(n,p)35S, 35Cl(n,α)32P, 6Li(n,α)3H, and 10B(n,α)7Li.
The other neutron capture reactions that produce heavy charged particles are
not included either because of small cross reaction or the very high-energy
threshold of the interactions.
For calculation of the neutron interaction probability, the average neutron
travel distance is required (as in equation 3.2). As the detector is very small
(a cylinder with radius of 0.8cm and height of 5 cm), the neutron travel
distance is mainly decided by the geometry and the incident directions. In
the calculation, all incident neutrons were assumed to be moving in the same
direction, which is perpendicular to the side surface of the cylindrical detector
(as shown in Figure 5.3). Therefore, the average travel distance L of neutrons
inside the detector can be estimated as
L =
piR
2
(5.3)
where R is the radius of the cylinder. All the cross section data of neutron
interactions came from the ENDF/B-VII.1 library [185].
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Figure 5.2: Calculated minimum energy for droplet vaporization, compared
with data from d’Errico [183, 100].
Figure 5.3: Incident direction of neutrons, perpendicular to the side surface
of the detector.
5.1.4 Secondary Charged Particles
Besides calculation of the neutron interaction probability, modeling of the
secondary charged particles is also required for calculation of the intrinsic
neutron detection efficiency. All the secondary heavy charged particles of
the neutron interactions should be considered. Those secondary particles
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Figure 5.4: Excited states of 12C.
involved in the efficiency analysis are 1H, 3H, 4He, 6Li, 7Li, 10B, 12C, 16O,
19F, 32P, 35S, 35Cl, and 37Cl.
The energy of secondary particles is calculated differently for different types
of interaction. For elastic scattering, energy of the recoiled particles is treated
as a uniform distribution form 0 to maximum energy (equation 2.1). For the
neutron capture reaction, the energy of the secondary particles is decided by
the Q value. For inelastic scattering, only the first excited states of residual
are considered. The inelastic scattering reaction is a threshold reaction, as the
residual is in excited states. We are interested in the neutron energy region
from thermal to 20 MeV, especially the thermal region. For neutrons in this
energy region, the probability for residual to go to a very high excited state is
small, and considering too many excited states can make the calculation very
complicated. For example, Figure 5.4 shows the excited states of 12C; only
the first excited state with energy of 4.438 MeV is involved in the calculation.
The range of the secondary particles inside the detector are calculated with
SRIM [158]. Figure 5.5 shows the calculated range of all particles of interest
with different energies.
61
10-6 10-5 10-4 10-3 10-2 10-1 100 101
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
R
an
ge
 (c
m
)
Energy (MeV)
 10B
 12C
 35Cl
 37Cl
 19F
 1H
 3H
 4He
 6Li
 7Li
 32P
 35S
Figure 5.5: Range of charged particles.
5.2 Detection Efficiency
Simultaneous detection of slow neutrons and fast neutrons requires improve-
ment of the slow neutron detection efficiency of superheated droplet detec-
tors. With the neutron interaction probability and modeling of the secondary
charged particles, the neutron detection efficiency curve can be calculated
through equation 3.1.
5.2.1 Comparison of Modeling, Simulation, and Experimental
data
Although the octafluorocyclobutane (C-318) detector was used in the simul-
taneous detection system, the quantitative analysis method was first applied
on the dichlorodifluoromethane detectors for evaluation because their simu-
lation and experimental data are provided by Gualdrini [149].
To compare with the simulation results and the experimental data from
the reference [149], the modeling method was applied on a dichlorodifluo-
romethane detector with a droplet diameter of 100 µm and a droplet number
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density of 5000, as mentioned in the reference.
Figure 5.6 shows the comparison of the modeling result, the simulation
result, and the experimental data. The overall shapes of the efficiency curve
resulting from the three methods are similar.
The first major difference between modeling and the simulation is the
efficiency from 0.1 keV to 100 keV. In this region, the detection efficiency
is mainly decided by the 35Cl(n,p)35S reaction. The big difference mainly
resulted from different cross section data. The 35Cl(n,p)35S cross section
data used in the simulation is from the JEF2.2 library. However, the ENDF-
VII.1 library data were used in calculation of this research. Figure 5.7 shows
the difference between the two cross sections. The modeling result is accurate
when compared with the cross section data. The big peak on the efficiency
curve resulted from the cross section resonance peak. The difference could
potentially also resulted from the neutron scattering reactions inside the
detector. There is a probability that a neutron was slowed down first through
scattering reactions before the 35Cl(n,p)35S reaction happens. This multi-
reaction process was not included in the modeling.
The second difference is in the thermal neutron energy region. The model-
ing result is higher than the experimental results (according to the reference
[149], the simulation data were normalized to the experimental data accord-
ing to the response of thermal neutrons). One explanation for this difference
is that the experimental data resulted from a much wider thermal neutron
spectrum (as compared with the modeling process). The modeling method
dealt only with monoenergetic neutrons. The average value of the modeling
result from 10−8 MeV to 10−4 MeV is much closer to the experimental and
simulation results. Another potential reason for the difference could be the
neutron capture by hydrogen, which has a reasonably high cross section for
thermal neutrons (as shown in Figure 2.4). In the modeling, the effect of
removing neutrons by the capture reaction was not considered.
In the fast neutron energy region, results of modeling are higher than ex-
perimental data but still reasonably close. The difference may result from the
fact that fast neutrons have more complicated reaction physics than thermal
neutrons. For example, for inelastic scattering, only the first excited state
of the residual in the modeling are considered. As a result, the secondary
particles can potentially have a higher energy in modeling, which leads to a
larger probability to vaporize a droplet.
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Figure 5.6: Comparison of the calculation results with reference data [149].
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This comparison shows that the results from the modeling method are
reasonably accurate. The modeling can be used further for analysis of the
simultaneous neutron detection system.
5.2.2 Detection Efficiency Improvement of the Lithium- or
Boron-Doped Detector
To study the improvement of the slow neutron detection efficiency, the C318
(octafluorocyclobutane) detector with droplet diameter of 120 µm and num-
ber density of 600 cm−3 was modeled. The minimum energy for vaporizing
a droplet was 100 keV. All these parameters are consistent with the detec-
tor we used in the experimental research. For the lithium- or boron-doped
detector, the lithium and boron can be doped into either the host gel or the
superheated liquid. Because it is quite difficult to dope into the superheated
liquid with current manufacturing technology, lithium and boron are doped
into the host gel in the later discussions unless otherwise specified.
The slow neutron detection efficiency was greatly improved by doping 6Li.
Comparison of the regular C318 detector and the 3.4% (by weight) 6LiCl-
doped detector is shown in Figure 5.8. The detection efficiency of the regular
detector drops significantly when neutron energy is below 1 MeV. That is
because the recoiled particles from elastic scattering become less energetic
and lose the ability to vaporize the superheated droplet. This phenomenon is
also consistent with experimental results reported from d’Errico [38]. With
the 3.4% 6LiCl-doped into the host gel, the slow neutron detection efficiency
significantly improved. The efficiency curve in Figure 5.8 agrees very well
with the “1/v” law of the neutron absorption cross section in the slow neutron
energy region. The detection efficiency drop in the thermal neutron energy
region is resulted from neutron absorptions by 10B inside the glass wall of
the container.
The detailed contributions to the intrinsic detection efficiency by various
reactions are show in Figure 5.9. The neutron capture reaction 6Li(n,α)3H
is the reason for the improved slow neutron response. The 35Cl(n,p)35S and
35Cl(n,α)35S also contributed to the slow neutron detection efficiency. But
these two reactions are much less significant because of the low reaction
cross section and the short range of the secondary particles. Elastic scatter-
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Figure 5.8: Comparison of the response between a regular C318 detector
and a 3.4% 6LiCl-doped C318 detector.
ing becomes important as the neutron energy goes higher than 200 keV. For
neutrons with such high energy, the recoiled charged particles from the elas-
tic scattering have the potential to deposit energy higher than the minimum
requirement to vaporize the bubble (100 keV). The recoiled particles also
become more and more energetic as the neutron energy goes higher. As a
result, their contribution to detection efficiency increases. The inelastic scat-
tering starts becoming significant only for neutrons with energy higher than
several MeV. The reason is that inelastic scattering is a threshold reaction.
Part of the kinetic energy of the neutron is absorbed by the residual in going
to the excited state. The reaction happens only for neutrons with an energy
higher than that of the excited states of the residual. For both scattering
and inelastic scattering reactions, 19F contributes most because 19F exists
inside the droplet. Therefore, the secondary particle has a very high chance
to vaporize the droplet after the reaction. 12C also contributed a lot in the
same way because part of the 12C exists inside the superheated droplet. The
elastic scattering of 1H also played a significant role for fast neutron detec-
tion. The reason is that 1H has similar mass to the neutron. As a result, the
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average energy of the secondary particles (recoiled protons) from the elastic
scattering with 1H is the highest among all the possible elastic scattering
reactions. High energy leads to a long range which further resulted in high
contribution to the intrinsic detection efficiency.
For further optimization of the slow neutron detection efficiency, the first
thing to consider is the comparison between 6Li and 10B. 10B has a larger
neutron cross section for slow neutrons, which can result in a higher neutron
interaction probability. However, secondary particles from the neutron inter-
action with 6Li have a longer range (as shown in Table 3.2), which can result
in a higher probability to vaporize droplets.
Figure 5.10 shows the efficiency curves of detectors with 6Li and 10B doped
into the host gel. For slow neutrons, the 6Li-doped detector has a higher
detection efficiency than the 10B-doped one. The reason is that 6Li and 10B
exist only inside the host gel. Therefore, the detection efficiency bottleneck
lies on the probability of secondary particles to vaporize droplets.
Figure 5.11 shows the efficiency curves of detectors with 6Li and 10B doped
into the superheated droplets. In this case, the 10B-doped detector has a
higher detection efficiency than the 6Li-doped detector. The reason is that
the range of the secondary particles plays a much less significant role than the
neutron cross section as the secondary particles are born inside the droplets.
Therefore, the larger neutron cross section of 10B leads to the higher intrinsic
detection efficiency.
Comparing Figure 5.10 and Figure 5.11, the detector with lithium or boron
doped into the superheated liquid droplets has a much higher intrinsic de-
tection efficiency than the detector with the nuclide doped into the host gel.
This phenomenon resulted from the difference of the vaporization probabil-
ity. The droplet-doped detector has a much higher vaporization probability
because the secondary particles are born inside the droplet. However, the
droplet-doped detector is still not available because of difficulties in the man-
ufacturing process.
Another parameter that should be considered is the doping concentration
of 6Li or 10B. Higher percentages of 6Li or 10B can result in a larger detection
efficiency because of more neutron interactions. However, a very high doping
concentration could potentially be challenging for the manufacturing process.
Figure 5.12 shows the thermal neutron detection efficiency for detectors with
various weight percentages of doping. The detection efficiency of the detector
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6LiCl-doped C318 detector by neutron interactions.
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Figure 5.10: Comparison of boron-doped and lithium-doped detector
(doped into gel).
doped with pure 6Li increases much faster than the detector doped with pure
10B. The reason is that the long range of secondary particles from 6Li reaction
makes the detector utilize the increasing of neutron interaction probability
much more efficiently. In practice, 6Li and 10B doping have to be in the form
of chemical compounds. The efficiency of the detector doped with 6LiCl
is also shown in the Figure 5.12. Compared with the doping of pure 6Li
and 10B, 6LiCl doping resulted in a much lower detection efficiency because
the concentration of 6Li was much lower for the same amount of weight
percentage.
The droplet size also plays an important role in the efficiency optimiza-
tion. As shown in Figure 5.13, with a constant volume of superheated liquid,
smaller droplet size can result in a higher thermal neutron detection effi-
ciency. The reason is that with a constant volume of superheated liquid,
smaller drop size means larger total surface area. Therefore, the probability
of secondary particles entering a droplet increases.
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Figure 5.11: Comparison of boron-doped and lithium-doped detector
(doped into droplets).
5.3 Simultaneous Fast Neutron and Slow Neutron
Detection
With improvement in slow neutron detection efficiency, simultaneous fast
neutron and slow neutron detection can be achieved by using two different
detectors. One is the regular C318 detector; the other one is the 6LiCl-doped
detector. Slow neutrons are measured through the response difference of the
two detectors, and fast neutrons are measured by the regular C318 detector.
The neutron detection efficiency curve of such a system is shown in Figure
5.14. For slow neutron detection, the efficiency curve of the system is the
difference of that of the two detectors. As show in the left of the figure, the
system only responds to the slow neutrons if the difference between the two
detectors is used for slow neutron detection. For fast neutron detection, the
system response is the same as that of the regular C318 detector because only
the response of the regular C318 detector is used for fast neutron detection.
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Figure 5.12: Intrinsic thermal neutron detection efficiency with various
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5.4 Chapter Conclusion
A quantitative model was established for detection efficiency analysis. The
efficiency curve acquired through the quantitative model agrees well with
simulation and experimental data from references.
Through efficiency curve analysis with the quantitative model, doping of
6Li or 10B can greatly improve the slow neutron detection efficiency of su-
perheated droplet detectors. The improvement of the slow neutron detection
efficiency is contributed by the 6Li(n,α)3H and 10B(n,α)7Li reaction.
For optimization of the slow neutron detection efficiency, superheated
droplets of small size are desired because the small size can lead to a large to-
tal surface of superheated droplets. The larger surface can result in a higher
probability of vaporizing a droplet. Also, 6Li is better than 10B in terms of
high slow neutron detection efficiency if they are doped into the host gel.
The reason is that secondary particles from neutron reaction with 6Li have a
much longer range than the secondary particles from neutron reactions with
10B.
With one regular detector and one 6Li doped detector, simultaneous slow
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Figure 5.13: Intrinsic thermal neutron detection efficiency with various
droplet sizes.
neutron and fast neutron detection can be achieved. Fast neutrons are de-
tected by the regular detector, and slow neutrons are measured through the
response difference of the two detectors.
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CHAPTER 6
EXPERIMENT
Experimental research was conducted to study the feasibility of simultaneous
detection of fast neutrons and slow neutrons. Also, thermal neutron detection
efficiency of a 6LiCl-doped superheated droplet detector was measured by
comparison with a 10BF3 proportional counter.
In this chapter, the detailed experimental method, setup, and results are
demonstrated.
6.1 Neutron Source
In the experiment, a Pu-Be neutron source was used for measurement. The
source contained 13 g Pu (93.78% 239Pu, 6.08% 240Pu, 0.53% 241Pu, 0.01%
241Am) and 8 g Be.
The Pu-Be neutron source is one of the 9Be(α, n)12C neutron sources (sim-
ilar sources are listed in Table 6.1). The majority of the neutrons from the
source resulted from the reaction
α +9 Be→ n +12 C∗, Q = 5.7 MeV
The alpha particles in the reaction came from the alpha decay of plutonium
(as shown in Table 6.2). Also, a small number of neutrons came from spon-
taneous fission, induced fissions, and (n, 2n) reactions.
Neutron yield of the Pu-Be source tends to increase over time because
241Pu decays to 241Am, which also emits alpha particles. The Pu-Be source
used in the experiment had a neutron yield of 2.246 × 106 n/s (calculated
with the calibration data from 1959). The neutron energy spectrum of a
Pu-Be source is shown in Figure 6.1 [186].
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Figure 6.1: Energy spectrum of neutrons from Pu-Be source [186].
Table 6.1: Characteristics of Be(α,n) neutron sources [187]
Neutron yield per 106
Eα primary alpha particles
Source Half-life (MeV) Calculated Experimental
210Po/Be 138 d 5.30 73 69
239Pu/Be 24000 y 5.14 65 57
238Pu/Be 87.4 y 5.48 79 −
241Am/Be 433 y 5.48 82 70
244Cm/Be 18 y 5.79 100 −
242Cm/Be 162 d 6.10 118 106
226Ra/Be 1602 y Multiple 502 −
227Ac/Be 21.6 y Multiple 702 −
Table 6.2: Alpha decay half-life and alpha yield [188]
Average
Alpha Alpha alpha
Isotope Total decay yield energy
A half-life half-life (α/s− g) (MeV )
238Pu 87.74 yr 87.74 yr 6.4× 1011 5.49
239Pu 2.41× 104 yr 2.41× 104 yr 2.3× 109 5.15
240Pu 6.56× 103 yr 6.56× 103 yr 8.4× 109 5.15
241Pu 14.35 yr 5.90× 105 yr 9.4× 107 4.89
242Pu 3.76× 105 yr 3.76× 105 yr 1.4× 108 4.90
241Am 433.6 yr 433.6 yr 1.3× 1011 5.48
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6.2 Superheated Droplet Detector
The detectors we used in the experiment were C318 (octafluorocyclobutane)
detectors. Two superheated droplet detectors were used in the experiment.
One was the regular C318 detector, and the other one was the C318 detector
doped with 3.4% (weight percentage) 6LiCl inside the host gel. As octaflu-
orocyclobutane does not contain chlorine, the regular C318 detector is only
sensitive to fast neutrons.
The detectors were originally manufactured with the parameters shown
in Table 6.3. However, during a transportation process, the detectors were
damaged by low temperature. As shown Figure 6.2, the superheated droplets
gathered together because of the low temperature. In the experiment, the
detectors were repaired prior to their use. As a result, the droplet size and
number density information was unknown.
Table 6.3: Detector parameters
Effective Effective Droplet Droplet
Detector Superheated radius height diameter number
type liquid (mm) (mm) (µm) density
(cm−3)
Regular C318 C4F8 8 50 120 600
3.4% 6LiCl-doped C4F8 8 50 120 600
6.3 Simultaneous Fast and Slow Neutron Detection
6.3.1 Experimental Method
As mentioned in Chapter 3, the detection system for simultaneous detection
is composed of two detectors. One of them is a 6LiCl-doped detector, and the
other one is a regular C318 detector. Fast neutron response comes from the
regular superheated droplet detector, and the slow neutron response comes
from the difference between the two detectors.
In the experiment, to study the feasibility of simultaneous fast neutron
and slow neutron detection, the detection system was tested under various
neutron spectrum and flux. The variation of the detector responses should
correspond well to the neutron spectrum and flux change.
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Figure 6.2: Detectors used in the experiment.
For creating various neutron spectra, polyethylene was used for slowing
down fast neutrons. In the experiment, the detector was surrounded by
polyethylene. With thicker and thicker polyethylene, fast neutron flux con-
tinuously drops because of the shielding effect. In contrast, the slow neutron
flux should first increase and then drop. The reason is that the Pu-Be neu-
tron source is a fast neutron source. With no polyethylene, the slow neutron
flux is very low. With an increasing amount of polyethylene, more and more
fast neutrons were slowed down and became slow neutrons. However, with
too much polyethylene, neutron capture in hydrogen leads to decreasing of
the slow neutron flux.
6.3.2 Structure Overview
As shown in Figure 6.3a, the detector was located 36 cm away from the Pu-
Be neutron source. Also, the detector was covered with polyethylene. The
polyethylene had a density of 0.92 g/cm3, a atom density of hydrogen of
7.90×1022 cm−3, and a macroscopic slow neutron cross section of 0.03 cm−1.
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(a) Structure overview.
(b) Photography of the experiment setup.
Figure 6.3: Experiment setup.
6.3.3 Results
Figure 6.4a shows the detector response variation as the thickness of polyethy-
lene increased. The value and error bar of each point on the plot are mean
value and standard deviation that are calculated from three measurements.
The 6LiCl-doped detector had a much lower response to fast neutrons (the
response corresponding to no polyethylene) than the regular detector. That
is caused by the different droplet size and number density of the superheated
droplets. The two detectors were originally manufactured with the same
droplet size and number density, as shown in Table 6.3. However, during
the transportation process, the detector was damaged by exposure to very
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low temperature. These two detectors were repaired manually. During the
repair process, the two detectors lost their similarity in droplet size and num-
ber density. As a result, for analyzing the experimental data, the response
of the two detectors had to first be calibrated according to their response to
fast neutrons.
The results in Figure 6.4a also show that the count rate of the regular su-
perheated droplet detector dropped exponentially as the thickness increased.
The reason is that the regular detector was only sensitive to fast neutrons.
The fast neutron flux dropped exponentially with more and more polyethy-
lene. The bubble-count rate of the 6LiCl-doped detector dropped very slowly
when the thickness of polyethylene increased from 0 to 2.5 inches. That is
because the detector responded to both fast neutrons and slow neutrons.
Although the fast neutron flux dropped significantly, the slow neutron flux
dramatically increased because a lot of fast neutrons were slowing down to
became slow neutrons. As the thickness of the polyethylene increased be-
yond 3 inches, the response of the 6LiCl-doped detector became very similar
to that of regular detector. The reason is that the shielding effect of the
polyethylene become dominant over the thermalization effect.
Figure 6.4b shows the calculated fast neutron response and the slow neu-
tron response. The fast neutron response was from the regular superheated
droplet detector, and the slow neutron response was calculated from the dif-
ference between the two detectors. Calibration was done before calculation
of the difference because the two detectors had very different responses to
fast neutrons. For calibration, a constant (1/0.52, see the calculation of α in
the next section) was multiplied by the response of the 6LiCl-doped detec-
tor such that two detector could have similar responses to the fast neutrons.
The calculated results after the calibration showed that the fast neutron re-
sponse decreased as the thickness of polyethylene increased. The calculated
slow neutron response corresponded well with the response of a 10BF3 pro-
portional counter, which verified the effectiveness of slow neutron detection
with this system.
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Figure 6.4: Simultaneous fast neutron and slow neutron measurement.
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6.4 Thermal Neutron Detection Efficiency
As the only available neutron source in the experiment was the Pu-Be neutron
source, an indirect way of measuring thermal neutron detection efficiency was
used.
6.4.1 Method
The thermal neutron detection efficiency can be calculated through com-
paring the superheated droplet detector with a 10BF3 proportional counter
because the intrinsic detection efficiency of the 10BF3 proportional counter
is known. The 10BF3 proportional counter we used in the experiment is an
LND-2021 cylindrical 10BF3 neutron detector. The detector is cylindrical in
shape with an effective length of 5.08 cm and an effective diameter of 2.54
cm. The thermal neutron sensitivity is 0.83 cps/nv, which is corresponding
to an intrinsic thermal neutron detection efficiency of 0.0643.
There exists a relationship between the count rate of the three detectors.
Assign R, Rf , and Rt as the neutron count rate of the
6LiCl-doped SDD,
the regular SDD, and the 10BF3 proportional counter. Then, for the exact
same neutron flux with the same neutron spectrum, there exists the following
relationship
R = α·Rf + β· Vssd
VBF3
Rt (6.1)
where Vssd is the volume of the superheated droplet detector, VBF3 is the
volume of the 10BF3 proportional counter, α is the ratio of the intrinsic fast
neutron detection efficiency of the 6LiCl-doped SDD versus the regular SDD,
β is the ratio of the intrinsic thermal neutron detection efficiency of the
6LiCl-doped SDD versus the 10BF3 detector. The assumption behind this
relationship is that the 10BF3 proportional counter is only sensitive to slow
neutrons, and the regular SDD is only sensitive to fast neutrons. Also, the
count rate of these detectors was measured for the exact same neutron flux
and spectrum.
The equation 6.1 can be transformed to
y = β
Vssd
VBF3
x+ α (6.2)
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where y = R
Rf
, x = Rt
Rf
. As α and β are the slope and intercept of the
above equation, they can be calculated through linear fitting of a group of
two-dimensional (x, y) points.
With α and β obtained from the linear fitting of the above equation, the
intrinsic thermal neutron detection efficiency of 6LiCl-doped SDD can be
calculated with the known efficiency of the 10BF3 detector.
6.4.2 Results
The linear fit of five points (the value and error bar of each point were calcu-
lated from three measurements) according to equation 6.2 is shown in Figure
6.2. With the linear-fitting data, the following equation can be calculated:
f = (0.52608± 0.01266) ssd (6.3)
t =
(
6.60082× 10−5 ± 4.42163× 10−6) VBF3
Vssd
BF3
= 1.093×10−5 ± 7.3×10−7
(6.4)
where f is the intrinsic fast neutron detection efficiency of the
6LiCl-doped
SDD, t is the intrinsic thermal neutron detection efficiency of the
6LiCl-
doped SDD, ssd is the intrinsic neutron detection efficiency of the regular
SDD, and BF3 is the intrinsic neutron detection efficiency of the
10BF3 pro-
portional counter.
As we have mentioned, during the repair process of the superheated droplet
detectors, the two superheated droplet detector became different from one
another in the size and the number density of superheated droplets. As a
result, they had different neutron responses even for the fast neutrons. Here,
this linear-fitting result shows that the fast neutron response of the lithium-
doped SDD should be about 52.6% that of the regular SDD. Applying this
number to the data in Figure 6.4a, the two superheated droplet detectors
should have very similar count rate for the Pu-Be source without shielding.
As shown in Table 6.4, after applying α to the data of 6LiCl-doped SDD,
the two superheated droplet detectors had almost the same response as the
Pu-Be source without any shielding. This is expected because Pu-Be source
is a fast neutron source, and the two detectors should show only the response
to fast neutrons without any polyethylene shielding. The value of α is used
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in the previous section for calibration.
The thermal neutron intrinsic detection efficiency of the 6LiCl-doped SDD
is 1.399×10−4±9.4×10−6, which is lower than the quantitative analysis result,
as shown in Figure 6.6. This is expected mainly because of three reasons.
The first reason is that the quantitative analysis was performed for ideal
monoenergetic neutrons, which is impossible for a real experimental case.
With the average effect of the thermal neutron detection efficiency in the
thermal neutron energy range, the intrinsic detection efficiency is expected
to be lower than the monoenergetic data. The second reason is the changed
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Figure 6.5: Linear fit of the count rate ratio.
Table 6.4: Response data of two superheated droplet detectors
Shielding Regular SDD 6LiCl-doped SDD Previous column
thickness(inches) (cpm) (cpm) divide by α (cpm)
0 50.67± 2.08 26.67± 2.52 50.70± 4.94
1 30.33± 8.02 20± 3.46 38.02± 6.64
2.5 20.67± 4.04 23± 5.2 43.72± 9.94
4 10.33± 2.89 12.67± 3.21 24.08± 6.13
5 8.67± 0.58 10± 1.73 19.01± 3.32
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number density and droplet size in the repair process. The detector already
showed an efficiency drop for the fast neutron detection when compared with
the regular superheated droplet detector. It is not a surprise to see the drop
in thermal neutron detection efficiency as well. The third reason comes from
the (n, γ) reactions by 1H and 35Cl. As show in the Figure 2.4 and Figure
2.8, the (n, γ) reaction cross section is relatively high for thermal neutrons.
The reaction can eliminate the incident thermal neutrons, which reduces the
thermal neutron detection efficiency.
6.5 Chapter Conclusion
In the experiment, the detection system was tested under various neutron
spectra and flux. The various neutron spectra were produced by a Pu-Be
source and polyethylene. With different thicknesses of polyethylene, fast
and slow neutron flux changed. A 10BF3 proportional counter was used for
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Figure 6.6: Comparison of experimental data and quantitative analysis
result.
84
monitoring the slow neutron flux.
From the result, the superheated droplets detection system successfully
measured the flux variance of fast neutrons and slow neutrons. It is proved
that the detection system can simultaneously measure both fast neutrons
and slow neutrons.
The thermal neutron detection efficiency of the 6LiCl-doped superheated
droplet detector was also measured. The thermal neutron intrinsic detection
efficiency of the 3.4% 6LiCl-doped C318 detector was 1.093×10−5±7.3×10−7.
The efficiency was lower than the quantitative analysis result. However, this
lower efficiency was expected because the quantitative analysis is calculated
for ideal monoenergetic neutrons. The change in neutron droplet size and
number density in the repair process of the detectors also contributed to the
efficiency drop.
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CHAPTER 7
CONCLUSION AND FUTURE RESEARCH
7.1 Conclusion
In homeland security, neutron detection technologies are very effective tools
in revealing SNMs. The 3He proportional counters are widely used in RPM
systems for revealing illegal transportation of radiative materials. However,
the 3He supply crisis makes the 3He proportional counter no longer a feasible
choice for neutron detection.
In radiation safety, SDD-based spectrometers are very popular because
they have many advantages, such as passive operation, flexible size, and
gamma insensitivity. However, slow neutron counting of the detection sys-
tem is very inefficient as the detectors rely on 35Cl(n,p)35S for slow neutron
detection. The reaction has a low cross section. Improving the slow neutron
detection efficiency can greatly improve the slow neutron counting efficiency.
Motivated by the 3He supply crisis and the need for efficient slow neutron
counting, superheated droplet detectors with improved slow neutron detec-
tion efficiency have been developed.
A mathematical model was first established to study the efficiency curve of
the superheated droplet detector. Using the model, the detection efficiency
of the superheated droplet detector can be calculated through the product of
the neutron interaction probability and the droplet vaporization probability.
The model can also be used for detector optimization. The relationship
analysis between detector parameters and detection efficiency is very helpful
for achieving a high intrinsic neutron detection efficiency.
To fully utilize the direct readability of a superheated droplet detector, a
readout system based on machine learning algorithms was proposed. Two
machine learning algorithms were developed to count the bubbles through
analyzing images from a camera. In comparison with two traditionally used
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image analysis algorithms, the machine learning algorithms showed a much
better accuracy and consistency. The prospect of applying such algorithms
in a camera based readout system is very promising.
Quantitative research and experimental study were conducted on two su-
perheated droplet detectors. One detector was a regular C318 detector and
the other one was a C318 detector doped with 3.4% (by weight) 6LiCl.
In quantitative research, the mathematical model was first used to cal-
culate the neutron response curve of an R-12 detector. The result from
the mathematical model is reasonably close to simulation data and experi-
mental data provided in the references. Then the mathematical model was
used for analyzing the intrinsic neutron detection efficiency curve and also
for efficiency-optimization analysis. The results show that the 6LiCl-doped
detector can have a significant improvement on slow neutron detection effi-
ciency, and the two detectors can be used for simultaneous fast neutron and
slow neutron detection.
In the experimental research, the detection system composed of two C318
detectors was tested. One of the two superheated droplet detectors was
doped with 3.4% 6LiCl. The fast neutrons were measured by the regular
C318 detector and the slow neutrons were measured through the difference
between the two detectors. Using a Pu-Be source and different amounts
of polyethylene, various slow neutron and fast neutron flux were achieved.
The simultaneous detection system correctly measured the variation of slow
neutron flux and fast neutron flux simultaneously.
Thermal neutron detection efficiency of the 6LiCl-doped C318 detector
was also measured in the experiment. The experiment showed that the de-
tector has an intrinsic detection efficiency of 1.093×10−5±7.3×10−7 for ther-
mal neutrons. This detection efficiency is lower than the prediction of the
mathematical model. The reason is that the detector was damaged in the
transportation. It was later repaired. However, the superheated droplet size
and number density information of the superheated droplet detectors were
lost during the repair process. Without that information, the mathematical
model cannot provide a very accurate prediction of the detection efficiency.
Also, the intrinsic detection efficiency of the detector appeared to drop sig-
nificantly after the repair process.
Overall, this research shows that the detection system based on the su-
perheated droplet detectors can successfully detect fast and slow neutrons
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simultaneously. Such a detection system can significantly improve the ef-
ficiency of slow neutron counting in the SDD-based neutron spectrometer.
Also, the detection system can be applied for the homeland security applica-
tions as an alternative to 3He neutron detection technology.
7.2 Future Research
The viscosity of the host gel of the superheated droplet detector used in
the research dropped significantly when temperature was near or below zero
degrees. As a result, during the transportation process, there is a very high
chance that the detector can be damaged, especially during the winter. If
the viscosity of the host gel could be more resistant to the temperature, the
detector can be safer for transportation and field use. In further research,
improvement of the host gel viscosity at temperatures around zero degrees
would be very helpful for improving the robustness of the detector.
More thermal neutron detection efficiency experiments should be con-
ducted on detectors with known droplet size and number density. With
those measurements, the accuracy of the quantitative model can be further
evaluated. Also, the extent of improvement of the thermal neutron efficiency
by doping 6LiCl can also be measured. The result can be very helpful for
detector optimization.
A smart-phone based readout system can also be developed. The readout
process of the regular neutron dosimeter is usually inconvenient. People can
get a report only after turning in the device for a readout. A smart-phone
based readout system could potentially make every smart-phone a readout
system. With the camera of the smart-phone, pictures of the superheated
droplet detector could be taken very conveniently. With the machine learning
algorithm, an app on the smart-phone could analyze the picture and give out
an accurate neutron dose. Such a smart-phone based readout system could
be challenging because the imaging conditions vary significantly. People may
take a picture from different angles in different places, which would result in
pictures with various light conditions and backgrounds. However, machine
learning algorithms have the potential to “learn” those different situations.
If one could have a database big enough for learning and testing, it would be
very promising for accurate image analysis with only a smart-phone.
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Also, research on detectors with boron- or lithium-doped into superheated
liquids can be conducted. Currently, boron or lithium can be doped only
into the host gel because of difficulties in the manufacturing process for dop-
ing inside superheated droplets. However, the droplet doped detector could
have a much greater slow neutron detection efficiency than the gel doped
detector. In addition, other parameters of the superheated droplet detector
could be optimized with feasibility research of the manufacturing process.
For example, increasing the lithium or boron concentration, the total volume
percentage of superheated liquids, and the number density of superheated
droplets could all improve the slow neutron detection efficiency.
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APPENDIX A
THERMO-PHYSICAL DATA
Table A.1: Thermo-physical data of C318 (octafluorocyclobutane) [184]
T ps ρl ρv ∆H η λ σ cp
◦C atm g/ml g/ml kJ/kg Pa·s Wm−1K−1 N/m Jg−1k−1
10 1.8536 1.5567 0.01714 110.61 4.54E-04 0.06885 0.00993 1.0773
11 1.9214 1.553 0.01774 110.2 4.47E-04 0.06861 0.00981 1.0796
12 1.991 1.5492 0.01836 109.8 4.40E-04 0.06837 0.00969 1.082
13 2.0626 1.5454 0.01899 109.39 4.34E-04 0.06813 0.00957 1.0843
14 2.1361 1.5415 0.01964 108.98 4.27E-04 0.06788 0.00945 1.0867
15 2.2117 1.5377 0.02031 108.56 4.21E-04 0.06764 0.00934 1.0891
16 2.2892 1.5338 0.021 108.14 4.15E-04 0.06739 0.00922 1.0915
17 2.3688 1.53 0.0217 107.71 4.08E-04 0.06715 0.0091 1.0939
18 2.4505 1.5261 0.02242 107.3 4.02E-04 0.0669 0.00899 1.0963
19 2.5344 1.5221 0.02317 106.87 3.96E-04 0.06665 0.00887 1.0987
20 2.6204 1.5182 0.02393 106.44 3.91E-04 0.0664 0.00875 1.1012
21 2.7086 1.5143 0.02471 106 3.85E-04 0.06615 0.00864 1.1036
22 2.799 1.5103 0.02551 105.57 3.79E-04 0.06589 0.00852 1.1061
23 2.8918 1.5063 0.02633 105.13 3.74E-04 0.06564 0.00841 1.1086
24 2.9868 1.5023 0.02717 104.68 3.68E-04 0.06538 0.00829 1.1111
25 3.0842 1.4983 0.02804 104.23 3.63E-04 0.06513 0.00818 1.1136
26 3.184 1.4942 0.02892 103.79 3.58E-04 0.06487 0.00806 1.1161
27 3.2862 1.4902 0.02984 103.33 3.52E-04 0.06461 0.00795 1.1187
28 3.3909 1.4861 0.03077 102.88 3.47E-04 0.06435 0.00784 1.1213
29 3.4981 1.482 0.03172 102.41 3.42E-04 0.06409 0.00772 1.1239
30 3.6078 1.4778 0.0327 101.95 3.37E-04 0.06383 0.00761 1.1265
31 3.7201 1.4737 0.03371 101.49 3.32E-04 0.06357 0.0075 1.1291
32 3.835 1.4695 0.03474 101.02 3.27E-04 0.06331 0.00739 1.1318
33 3.9526 1.4653 0.03579 100.54 3.23E-04 0.06305 0.00728 1.1345
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T ps ρl ρv ∆H η λ σ cp
◦C atm g/ml g/ml kJ/kg Pa·s Wm−1K−1 N/m Jg−1k−1
34 4.0729 1.461 0.03687 100.06 3.18E-04 0.06278 0.00716 1.1372
35 4.1959 1.4568 0.03798 99.58 3.13E-04 0.06252 0.00705 1.1399
36 4.3217 1.4525 0.03912 99.1 3.09E-04 0.06225 0.00694 1.1427
37 4.4503 1.4482 0.04028 98.6 3.04E-04 0.06198 0.00683 1.1455
38 4.5817 1.4439 0.04148 98.11 3.00E-04 0.06171 0.00672 1.1484
39 4.716 1.4395 0.0427 97.61 2.96E-04 0.06144 0.00661 1.1513
40 4.8533 1.4351 0.04395 97.11 2.91E-04 0.06117 0.0065 1.1542
41 4.9936 1.4307 0.04523 96.61 2.87E-04 0.0609 0.0064 1.1571
42 5.1368 1.4263 0.04655 96.09 2.83E-04 0.06063 0.00629 1.1601
43 5.2832 1.4218 0.04789 95.58 2.79E-04 0.06036 0.00618 1.1631
44 5.4326 1.4173 0.04927 95.05 2.75E-04 0.06009 0.00607 1.1662
45 5.5852 1.4127 0.05069 94.52 2.71E-04 0.05981 0.00596 1.1694
46 5.7409 1.4082 0.05213 93.99 2.67E-04 0.05954 0.00586 1.1725
47 5.8999 1.4036 0.05362 93.46 2.63E-04 0.05926 0.00575 1.1758
48 6.0622 1.3989 0.05514 92.93 2.59E-04 0.05899 0.00564 1.179
49 6.2277 1.3943 0.05669 92.38 2.56E-04 0.05871 0.00554 1.1824
50 6.3967 1.3895 0.05829 91.82 2.52E-04 0.05843 0.00543 1.1858
51 6.569 1.3848 0.05992 91.27 2.48E-04 0.05815 0.00533 1.1892
52 6.7448 1.38 0.06159 90.71 2.45E-04 0.05788 0.00522 1.1928
53 6.924 1.3752 0.06331 90.14 2.41E-04 0.0576 0.00512 1.1964
54 7.1068 1.3703 0.06507 89.56 2.38E-04 0.05732 0.00502 1.2
55 7.2932 1.3654 0.06687 88.98 2.34E-04 0.05704 0.00491 1.2038
56 7.4832 1.3605 0.06872 88.4 2.31E-04 0.05676 0.00481 1.2076
57 7.6769 1.3555 0.07061 87.81 2.27E-04 0.05647 0.00471 1.2115
58 7.8743 1.3505 0.07255 87.21 2.24E-04 0.05619 0.00461 1.2155
59 8.0754 1.3454 0.07454 86.6 2.21E-04 0.05591 0.00451 1.2196
60 8.2804 1.3402 0.07657 86 2.17E-04 0.05563 0.00441 1.2238
61 8.4892 1.3351 0.07866 85.38 2.14E-04 0.05535 0.00431 1.2281
62 8.7019 1.3298 0.08081 84.74 2.11E-04 0.05506 0.00421 1.2325
63 8.9186 1.3245 0.083 84.12 2.08E-04 0.05478 0.00411 1.2371
64 9.1393 1.3192 0.08526 83.47 2.05E-04 0.0545 0.00401 1.2417
65 9.3641 1.3138 0.08757 82.83 2.01E-04 0.05421 0.00391 1.2465
66 9.593 1.3084 0.08994 82.17 1.98E-04 0.05393 0.00381 1.2515
91
T ps ρl ρv ∆H η λ σ cp
◦C atm g/ml g/ml kJ/kg Pa·s Wm−1K−1 N/m Jg−1k−1
67 9.826 1.3028 0.09238 81.51 1.95E-04 0.05365 0.00371 1.2566
68 10.063 1.2973 0.09488 80.83 1.92E-04 0.05336 0.00362 1.2618
69 10.305 1.2916 0.09745 80.14 1.89E-04 0.05308 0.00352 1.2672
70 10.551 1.2859 0.10008 79.46 1.87E-04 0.0528 0.00343 1.2728
71 10.801 1.2801 0.10279 78.75 1.84E-04 0.05251 0.00333 1.2786
72 11.055 1.2743 0.10557 78.04 1.81E-04 0.05223 0.00324 1.2847
73 11.315 1.2684 0.10843 77.32 1.78E-04 0.05195 0.00314 1.2909
74 11.578 1.2624 0.11137 76.59 1.75E-04 0.05166 0.00305 1.2974
75 11.846 1.2563 0.11439 75.85 1.72E-04 0.05138 0.00296 1.3041
76 12.119 1.2501 0.1175 75.09 1.69E-04 0.0511 0.00286 1.3111
77 12.397 1.2439 0.12069 74.33 1.67E-04 0.05082 0.00277 1.3185
78 12.679 1.2375 0.12399 73.55 1.64E-04 0.05053 0.00268 1.3261
79 12.967 1.231 0.12738 72.75 1.61E-04 0.05025 0.00259 1.3341
80 13.259 1.2245 0.13087 71.95 1.59E-04 0.04997 0.0025 1.3425
81 13.556 1.2178 0.13447 71.12 1.56E-04 0.0497 0.00241 1.3513
82 13.858 1.2111 0.13819 70.3 1.53E-04 0.04942 0.00232 1.3605
83 14.165 1.2042 0.14202 69.45 1.51E-04 0.04914 0.00224 1.3703
84 14.478 1.1972 0.14597 68.58 1.48E-04 0.04886 0.00215 1.3806
85 14.795 1.19 0.15006 67.69 1.45E-04 0.04859 0.00206 1.3914
86 15.118 1.1827 0.15428 66.8 1.43E-04 0.04832 0.00198 1.403
87 15.447 1.1753 0.15866 65.88 1.40E-04 0.04805 0.00189 1.4152
88 15.781 1.1677 0.16318 64.94 1.38E-04 0.04778 0.00181 1.4283
89 16.12 1.16 0.16787 63.98 1.35E-04 0.04751 0.00172 1.4423
90 16.465 1.152 0.17273 63 1.32E-04 0.04725 0.00164 1.4573
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